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ABSTRACT 
When a canal takes off from the head works on an alluvial river, water flowing in the 
canal also carries considerable sediment load with it unless special measures are taken 
to reduce the same. The sediment load entering into the canal may deposit in it thus 
causing silting of the canal that results in a reduction of discharge carrying capacity of 
the canal. In case of power canals a part of the sediment load reaching the power plant 
passes through the turbines and damages the turbine runner blades/bucket. Thus the 
success of any canal system greatly depends on the control achieved in stopping the 
entry of excess sediment into it. 
The measures for control of sediment entry into a canal can be applied either at canal 
head works or in canal downstream. In exceptional cases, they can be applied at both 
locations. The measures adopted for this purpose at canal head works are known as 
excluding devices while the devices used in the canal are known as sediment ejectors 
or sediment extractors. Sediment ejectors only are studied in the present thesis. 
Various ejectors such as tunnel type, vortex tube, settling basins and vortex settling 
basin have been used in practice. The vortex settling basins are found to be smaller in 
size, particularly, with respect to the settling basins and the tuimel type extractors 
handling same amoiuit of water. 
The flow mechanism in a vortex chamber type sediment extractor is similar to the 
Rankine vortex in which a forced vortex core is surrounded by an irrotational or free 
vortex zone. Experimental studies have been conducted by several investigators for 
studying the flow structure and similarity in the vortex basins. Using the theory of 
free vortex, the expressions for tangential velocity and water surface elevation in a 
vortex flow at the entrance of an outlet pipe were derived by the previous 
investigators. Investigations for the flow pattem in a vortex settling basin using the 
dye injection method have also been made. It has been seen that the radial flow 
towards the orifice is mainly supplied by the fluid layers near the floor of the basin. 
The sediment particles entering the chamber at the periphery were observed to move 
towards the outlet at the centre along a helicoidal path. Some investigators have 
studied the variation of concentration of fine sediment particles in a Rankine vortex 
system. Detailed investigations are also available about the trajectory and distribution 
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of radial and tangential velocities in a vortex type settling basin. The helicoidal 
trajectories were observed to be followed by sediment particles in a vortex chamber. 
Tangential velocities were found to follow the Rankine vortex system except near the 
periphery of the chamber and also near the inlets and outlets of the vortex chamber. 
Radial velocities were found to remain constant across a vertical while they varied in 
the radial direction. Secondary flows in vortex settling basin were also studied in past. 
A rapid radial flow towards the orifice near the bed of the basin was observed and 
complicated flow pattern were found to exist in the rest of the basin. Radial, tangential 
and axial velocities in the sand funnel were observed. It was observed that these 
velocities have different functions such as radial velocity transport the sediment 
towards the centre, tangential velocity maintain the vortex strength while axial 
velocity is benefit to the sediment sinking. Some investigators studied radial and 
tangential velocities in the vortex settling basin of different geometric configurations. 
It was found that the velocities in radial and tangential directions did not vary 
significantly along vertical direction. However these velocities were function of radial 
spacing as well as tangential displacements i.e. angular spacing. It was also found that 
the vertical component of velocity is significant only near the centre of the vortex 
settling basin. Experimental studies on vortex settling basin was also conducted in 
past to study the flow structure inside the basin. It was found that the most dominant 
secondary current within the basin was the flow current towards the overflow weir. 
The following sediment diffusion equation was theoretically developed in polar 
coordinate system by considering the inflow and outflow of the sediment flux through 
various faces of an elementary parallelepiped. 
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This equation was solved numerically by using unconditionally stable second order 
Crank-Nicholson type implicit finite difference scheme by assuming that the vertical 
components of velocity to be significant only near the centre of the vortex settling 
basin. 
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A comprehensive review indicated that the detailed studies have been made 
concerning the flow development in vortex settling basin by mainly observing the 
tangential velocities. A smaller number of studies are however available in which 
both radial and tangential velocities were measured for study of flow pattern in the 
vortex basin. No detailed study is so for available on variation of tangential, radial and 
vertical velocity distributions in vortex settling basin. 
Effectiveness of vortex settling basin in removing the sediment from the flow can be 
evaluated mathematically by obtaining the solution of the above mentioned equation. 
For simplified cases, it can be solved analytically. However, simplified solutions 
would not hold good for flow in the vortex settling basin due to complex flow and 
geometric configurations. Numerical methods therefore can be used for solving the 
above mentioned equation by assuming that the vertical component of velocity to be 
significant in whole vortex settling basin and not only near the centre. 
The review of literature indicated that complex flow conditions occur in the vortex 
settling basin particularly near the inlets and the outlets. This aspect is carefiilly 
studied in the present thesis. No theoretical analysis is so for available on variation of 
sediment concentration in vortex settling basin in which all the three velocities in 
mutually perpendicular directions have been considered. Therefore, the sediment 
diffusion equation is solved numerically to obtain the variation of sediment 
concentration in basin considering tangential, radial and vertical velocity components. 
No information is available regarding the effect of width ratio and diameter ratio on 
sediment removal efficiency of vortex settling basin. This was studied in detail by 
conducting experiments for wide range of hydraulic and geometric parameters. Also 
the available relations for sediment removal efficiency of vortex settling basin are 
tested and / or modified using the laboratory and field data having wide range of 
hydraulic geometrical variables. 
Artificial Neural Network (ANN) technique is also applied for prediction of sediment 
removal efficiency of vortex settling basin using laboratory and field data, which were 
eeirlier, used in developing new relationship for sediment removal efficiency of the 
vortex settling basin. 
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Information on the velocity components is required while making the computations 
for the distribution of suspended sediment concentration within the vortex settUng 
basin. Velocity distributions in axi-symmetric vortex flows are derived in literature by 
approximating the turbulence by mixing length model. Indeed, it is not easy to model 
the turbulence even in the simplest of the flow conditions, whereas the vortex flow 
that occurs in the vortex basin is quite complex. Keeping these points in mind, it is 
decided to experimentally measure the velocity distributions in the vortex settling 
basin studied herein by making use of the three dimensional programmable 
electromagnetic liquid velocity meter. Details of the experiments conducted are 
included later in the present text. The following conclusions are derived regarding 
distribution of velocity components from analysis of the experimental data. 
(i) The radial, tangential and the vertical velocity components can be considered 
to remain uniform over the flow depth in the inner region, 
(0.042 < T/RJ < 0.2) of the vortex settling basin. 
(ii) The vortex settling basin can be sub-divided into different sub-zones for the 
purpose to study the uniformity in flow mechanics inside the basin. The 
categorisation of uniform nature of flow inside the basin may further be used 
in formulation of simple equations for velocity distributions along radial, 
tangential and vertical directions. 
Following functional relationships are assumed to hold good for the radial, tangential 
and the vertical velocity components. 
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Here (o^ is the reciprocal of the characteristic time (also called characteristic 
frequency) and is defined as QJ {AR,). A is the cross sectional area of the inlet 
channel, Ri^ is the reference length which is taken to be equal to the radius of the 
vortex chamber Rj-, Z^ is the difference in the bed levels of the bottom of the chamber 
and the overflow outlet, hp is the depth of flow at the periphery of the chamber, Q^ 
is the discharge through the underflow outlet, Q, is the inlet discharge, 0 is the 
angular spacing measured in clockwise direction with respect to the centre of the 
vortex chamber and z is the vertical distance. 
The governing equation for variation of sediment mass concentration was solved 
numerically by using an unconditionally stable second order Crank-Nicholson type of 
implicit finite difference scheme. Values of tangential, radial and vertical components 
of velocity to be used in numerical solution of the above governing equation were 
measured by three-dimensional electromagnetic liquid velocity meter. The governing 
partial differential equation was converted to the equivalent partial difference 
equation, which was solved through the standard Double Sweep algorithm by making 
use of the boundary conditions. The sediment diffusion coefficients in radial, 
tangential and vertical directions were required for the above solution. These were 
empirically related to the velocity gradients in the respective directions. Information 
on variation of sediment concentration within the vortex settling basin is useful in 
computation of the sediment removal efficiency. In addition to the above, separate 
analysis is also performed in order to derive a working relationship / method for 
computation of the sediment removal efficiency of vortex settling basin using 
statistical regression analysis and Artificial Neural Network (ANN) approaches. A 
scrutiny of the relations for distribution of velocity components in vortex basin and 
the numerical scheme mentioned above indicated that the removal efficiency 77,, of 
vortex settling basin can be expressed by following functional relationship: 
Here Z)^ . is the radius of the vortex basin, B is the width of the inlet channel, d^^ is 
the diameter of the sediment particle, co^ is the fall velocity of particle, v is the 
kinematic viscosity and g is the gravitational acceleration. 
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The variables of the above equation for 7^ are arranged into the following 
non-dimensional form 
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Here [Qu/Qi) is the water abstraction ratio, Iz^/hp) represents the depth ratio, 
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represents the diameter ratio. Such a functional relationship can be used to develop an 
expression for the removal efficiency of the vortex settling basin. 
Experiments were conducted in the Advanced Hydraulics Laboratory of Civil 
Engineering Department, Aligarh Muslim University, Aligarh. Circular cylindrical 
vortex settling basin having internal diameter equal to 1.51 m was used. The diameter 
of the underflow outlet orifice and width of the inlet and outlet channel were varied 
for studying its effect on sediment removal efficiency of the vortex settling basin. In 
the vortex basin, both the inlet and outlet overflow charmels were kept in an 
alignment following a straight line tangential to the vortex settling basin. A 3D 
programmable Electro-Magnetic Liquid Velocity Meter (PEMS) was used for 
velocity measurements. It measured simultaneously the three mutually perpendicular 
velocity components at the location of its sensor. Variation of suspended sediment 
concentration within the vortex chamber was measured systematically. In addition all 
the laboratory and field data available in literature on above aspects were compiled 
and used herein. Close study of observed velocity distributions indicated that the flow 
in the vortex settling basin is typical three-dimensional flow which consists of 
tangential, radial and vertical velocity components. The vertical component of 
velocity was smaller than tangential and radial velocity component under similar 
conditions. The velocities in the three directions have different functions in the vortex 
basin. Tangential velocity maintains the vortex strength of the vortex settling basin; 
vertical velocity is useful for the sediment sinking and radial velocity transports 
sediment towards the orifice outlet. In the most part of the vortex settling basin, the 
tangential, radial and vertical velocities do not have significant variation along the 
vertical direction in the inner region (0.042 < v/Rj < 0.2) of the basin. However, in 
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the outer region (0.6< r//?^ <10) , the variation in velocity components along 
vertical direction is observed in most part of the basin. Segments of vortex settling 
basin having similar velocity distribution were identified by visual inspection of 
various plots of the velocities. Variation of suspended sediment concentration in the 
vortex settling basin was computed using numerical model (by considering the flow in 
the entire basin to be three-dimensional), which was based on finite difference 
method. Coefficients appearing in the relations for sediment diffiision coefficients 
were ascertained so as to obtain a close agreement between observed and computed 
values of sediment concentration. A comparison was made between observations and 
such computed values and it revealed a satisfactory agreement between the two. 
Sediment removal efficiency computed by making use of computed sediment 
concentration compared well with the experimental observation. 
Effect of the flow and basin parameters namely Q^ /Q^, Z^ fh^ , Dj jd^ and D^ jB on 
sediment removal efficiency was studied in detail. The optimum value of diameter 
ratio was obtained in between 10 to 15 and that of width ratio in between 7 to 8. 
For Dj IB > 7.5 the inflow conditions become less important i.e. the rotational forces 
become less important and the device starts acting as a settling basin and for D-^ jB < 
l.S, the device acts as a vortex settling basin, the rotational forces play their role in 
the separation of the settable solids. 
A check on existing relations for rj^ was made and they were found not to produce 
satisfactory results. Re-analysis of available laboratory and field data was carried out 
and the following equation was derived for 77^  . 
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The above equation was found to produce results with a maximum of ± 40 per cent 
error. This accuracy is considered as satisfactory due to the reason that both 
laboratory and field data of the vortex settling basins having varying geometric 
configurations aire used herein. 
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A generalized model for predicting the removal efficiency of the vortex settling basin 
using neural network has also been developed. The network predictions were 
generally more satisfactory than those given by traditional regression equations 
because of low errors and high correlation coefficients. Predictions based on original 
raw data {Qi,Qu,Z^,hp,D^,B,d^,d^Q,6)^,y,g) were better than those 
based on grouped dimensionless forms of the data {iQ„/Qi), {Z^lhp), (DJ^/B), 
(£)r/f/„), {(Ogd^/v)). The neural network with one hidden layer was selected as the 
optimum network to predict the efficiency of removal of vortex basin. The network 
configuration with original raw data and CFBP is recommended for general use in 
order to predict the removal efficiency of the vortex settling basin. 
On the basis of the sensitivity analysis, it is observed that (Q^/QJ) is the most 
significant parameter after {cD^d^Q/v). The sensitivity analysis gives the impression 
that Zf, has only marginal influence on the resulting removal efficiency of the vortex 
basin. But in view of the variability in the outcome resulting from application of 
different analytical schemes, it is felt that the network, which requires all input 
quantities, may be followed for generality. 
Vortex settling basin is thus found to be a suitable alternative to conventional 
extractors due to their smaller dimensions, high sediment removal efficiency and 
smaller water abstraction ratio. In present study, effect of width ratio and diameter 
ratio on sediment removal efficiency of vortex settling basin has been studied in 
detail. Variation of suspended sediment concentration within the vortex basin is 
computed by considering tangential, radial and vertical components of velocity 
through the solution of the governing partial differential equation by an 
unconditionally stable second order accurate finite difference scheme of Crank-
Nicholson type. A general relationship is also developed for the computation of 
sediment removal efficiency of vortex settling basins having varying geometric 
configurations. A generalized model for predicting the removal efficiency of the 
vortex settling basin using neural network has also been developed. 
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Chapter -1 
INTRODUCTION 
1.1 GENERAL 
Rivers generally flowing in alluvial plains almost invariably transport sediment along 
with water. Water flowing in the canal taking off from head works on such rivers also 
carries sediment load with it. If the canal receives sediment load in excess of its 
transporting capacity and effective measures are not taken for its control, the canal 
gets silted up. This results in a decrease in the discharge carrying capacity of the 
canal. Further, the slope of the canal is generally smaller than that of the main river; 
hence there is always a tendency for deposition of sediment in the canal. In the case 
of power canals, that part of the sediment load, which is not deposited in the canal 
upstream of the power plant passes through the turbines. The sharp edged silt/sand 
leads to damage of the turbine rurmer blades/buckets due to abrasion resulting in a 
decrease in the efficiency of the power plant. In India, it has been found in many 
cases that the turbines/pelton wheels have been considerably damaged after 2000 to 
3000 hours of operation because of the presence of sand in water (Kulkami et al. 
1986). As a result, the turbines need to be repaired as frequently as twice in a year 
causing shut down of the units for considerable duration, thereby causing enormous 
loss of power and revenue. 
The deposition of sediment in irrigation canals causes reduction in their discharge 
carrying capacity and needs removal of the sediment from it at frequent intervals 
entailing great expenditure. Sediment deposited in irrigation distributaries reduces the 
flow rate and hence volume of water delivered to irrigated areas. The deposition of 
coarser sediment into irrigated areas reduces soil fertility, while colloidal sediments 
reduce permeability, both of which result in the reduction of productivity of irrigated 
lands. Thus clean out and maintenance costs of irrigation ditches and reduced 
productivity of irrigable soil represents an enormous amount of extra expenditure. 
Success of an irrigation or power canal system thus depends to a large extent on the 
degree of control achieved on the sediment entry into the off-taking channel. The 
measures for control of sediment entry into a canal can be applied either at the canal 
head works or in the canal downstream; in exceptional cases at both these locations 
1 
the measures are provided. The measures employed to check the sediment load at the 
head works of a canal are known as excluding devices while the device used in the 
canal to control the sediment load, is known as sediment ejector or sediment extractor. 
Sediment ejector only is studied in the present thesis. There are different types of 
ejecting devices, which are used to control sediment in the canal. These are described 
briefly in the following paragraphs. 
1.2 TYPES OF SEDIMENT EJECTION DEVICES 
1.2.1 Tunnel Type Ejector 
This type of ejector basically consists of a horizontal slab near the bed of the canal 
below which are provided horizontal tuimels. Since the water layers near the chaimel 
bed carry bed load and large concentration of sediment load, removal of lower layers 
ensures the removal of a large fraction of the sediment load. The tunnels curve to the 
right or left and converge to a narrow width where they pass through the bank. At this 
section gates are - provided to regulate the sediment-water discharge complex. Each 
of the main timnels may contain partitions (divider walls) that subdivide the cross-
section into smaller tunnels. These divider walls extend to the section where the 
structure passes through the bank. Figure 1.1 shows a typical timnel type ejector. The 
amount of water diverted into the canal head works must be increased by 20 per cent 
to 25 per cent to operate an ejector of this type. Tunnel ejectors are better suited when 
canal carries coarser sediment. A procedure for rational design of turmel sediment 
excluder/ejector has been presented by Kothyari et al. (1994). A manual produced by 
H.R. Wallingford (1993) gives more detail for design of tunnel type canal sediment 
extractors. 
1.2.2 Vortex Tube Ejector 
This type of ejector consists of an open channel, installed across the canal bottom 
either normal to the flow or at some angle such as 30° or 45° to the flow. The 
downstream edge of the tube is set leveled with the canal bottom whereas the 
upstream edge may be somewhat higher. Water flowing over the opening induces a 
spiral flow in the tube throughout its length. The spiral flow picks up the bed load and 
moves it along the tube to an outlet at the downstream end of the structure. The vortex 
flow with the speed of rotation of the order of 200 to 500 rpm formed by the vortex 
tube is sufficient to eject bed load material of large particle size. The loss of water by 
sluicing through the vortex tube is in the range of 10 per cent to 15 per cent of 
discharge in the canal. Figure 1.2 shows a typical vortex tube type ejector. A 
procedure for design of vortex tube ejector was proposed by Lawrence and 
Sanmuganathan (1981) and White (1981). The manual of HR Wallingford (1993) for 
the design of sediment ejectors also includes the design procedure for vortex tube 
ejector. 
1.2.3 Settling Basin 
Settling basins are used for the removal of relatively finer sediment particles from the 
flow. Generally settling basins are constructed simply by widening and deepening the 
canal section to produce an enlarged cross section that produces a lower velocity. The 
reduction in velocity reduces the bed shear stress and the turbulence. Reduction in the 
above parameters stops the bed material from moving and permits the sediment 
particles to settle. The deposited sediment is removed by sluicing, flushing or by other 
mechanical means. However, large dimensions (width, length and depth) for settling 
basins are required for obtaining high efficiency of removal of deposited sediment. 
Such large space is often not available at sites for construction of the settling basins. 
Hence these are constructed underground by rock cutting, which makes them costly. 
Sediment removal from settling basins is also costly. Hence settling basins are 
uneconomical. Design of settling basins has attracted the attention of several 
investigators in the past. Dobbins (1944), Camp (1946), Sumer (1970), Garde et al. 
(1990) and Ranga Raju et al. (1999) have produced semi-empirical or empirical 
formulae for the computation of sediment removal efficiency of settling basins. 
Numerical modeling for the design of settling basins have been attempted amongst 
others by Kerssens et al (1979), Stamou et al. (1989), Adams and Rodi (1990), 
Schrimpf (1991) and Atkinson (1992). In general numerical modeling for design of 
settling basins require a model for the flow field, which includes turbulence modeling, 
and also the model for simulation of diffusion-advection equation for suspended load 
transport. However, these models have not yet found general use because of their 
relative complexity and sometimes unknown calibration coefficients for the particular 
case under consideration (Schrimpf, 1991). 
1.2.4 Vortex Settling Basin 
This type of extractor or ejector makes use of vortex flow in a chamber or basin as a 
separation device. A higher velocity flow is introduced tangentially into a cylindrical 
basin having an orifice at the centre of its bottom. This gives rise to combined vortex 
conditions with free vortex forming near the orifice and forced vortex forming in the 
outer region towards the periphery. The secondary flow resulting from this causes the 
fluid layers near the basin floor to move towards the outlet orifice at the centre. The 
sediment particles present in the flow move along a helicoidal path towards the 
orifice, thereby obtaining a long settling length compared to the basin dimensions. 
Thus relatively higher velocities can be allowed in the chamber. The sediment 
reaching the centre can be flushed out through the orifice continuously. Relatively 
sediment fi-ee water is allowed to leave the basin through an outlet channel/pipe as 
shown in Fig. 1.3. This type of vortex settling has been investigated by Cecen and 
Bayazit (1975), Curi et al. (1975), White (1981), Ogihara and Sakaguchi (1984), 
Sanmuganathan (1985), Mashauri (1986), Paul et al. (1991), Athar et al. (2000, 2002), 
Gert and Jean (2004) and Athar et al. (2005). As compared to the conventional type of 
settling basins the vortex settling basin has the advantage of smaller dimensions and 
low flushing discharge for obtaining a certain efficiency of sediment removal. The 
vortex settling basins are smaller in size compared with conventional settling basins 
handling same amount of water (Mashauri, 1986). It can also be used for water 
treatment process, removal of fish waste and removal of wastewater in pulp and paper 
industry. Therefore, in the present investigation it is proposed to make a detailed 
study of this device for removal of sediment in canals. A brief review on present state 
of knowledge about flow mechanism in the vortex settling basins and its design 
aspects is therefore, presented in following paragraphs. 
1.3 BRIEF REVIEW 
1.3.1 Mechanism of Flow in Vortex Settling Basin 
The flow mechanism in a vortex settling basins is similar to the Rankine vortex in 
which a forced vortex core is surrounded by an irrotational or free vortex zone (see 
Fig. 1.4). In Fig. 1.4, v^  is the tangential velocity r is the radial distance and Rj is 
the radius of the vortex chamber. Experimental studies have been conducted by 
several investigators for investigating the flow structure and similarity in vortex basin. 
Notable amongst these include those by Anwar (1965), Cecen (1977), Daggett and 
Keulegan (1974), Julien (1985 a and b), Odgaard (1986), Vatistas et al. (1986), 
Vatistas (1989), Hite and Mih (1994), Zhou et al. (2001), Athar et al. (2000, 2003), 
David (2002) and Gheisi and Keshavarzi (2006). Using the theory of free vortex, 
Anwar (1965) derived the expression for tangential velocity and water surface 
elevation in a vortex flow at the entrance of an outlet pipe. Cecen (1977) made 
investigations for the flow pattern in a vortex chamber type settling basin using the 
dye injection method. He also found that the radial flow towards the orifice is mainly 
supplied by the fluid layers near the floor of the basin. The sediment particles entering 
the basin at periphery were observed to move towards the outlet at centre along a 
helicoidal path. The variation of tangential velocities in four different quarters of the 
vortex chamber (see Fig. 2.3) indicated the existence of Rankine type vortex except 
near the periphery of the chamber. Julien (1985 a and b) and Vatistas (1989) have 
studied the variation of concentration of fine sediment particles in a Rankine vortex 
system. 
Mashauri (1986) made a detailed investigation about the particle trajectory and 
distribution of radial and tangential velocities in a vortex type settling basin. The 
helicoidal trajectories followed by sediment particles in a vortex chamber as observed 
by Mashauri (1986) are shown in Fig. 1.5. Tangential velocities were found to follow 
the Rankine vortex system except near the periphery of the chamber. Radial velocities 
were found to remain constant across a vertical while they varied in radial direction. 
Rea (1984) studied the secondary flows in a vortex chamber. He observed a rapid 
radial flow towards the orifice near the bed of the chamber, complicated flow patterns 
were found to exist in the rest of the chamber. Paul et al. (1991) measured the 
tangential velocities in a vortex basin and they also found them to vary as per Rankine 
vortex system. Zhou et al. (2001) measured radial, tangential and axial velocities in 
sand funnel. They observed that these velocities have different functions such as 
radial velocity transport the sediment towards the centre, tangential velocity maintain 
the vortex strength while axial velocity is benefit to the sediment sinking. Athar et al. 
(2000, 2003) studied radial and tangential velocities in the vortex settling basin of two 
different geometric configurations. They found that the velocities in radial and 
tangential directions do not vary significantly along the vertical direction. However, 
these velocities are function of radial spacing as well as tangential displacement i.e. 
angular spacing. They also found that the vertical component of velocity is significant 
only near the centre of the vortex settling basin. David (2002) measured the vertical 
velocity in simulated tornado-like vortices. Ghiesi and Keshavarzi (2006) conducted 
experimental studies on vortex settling basin to study the flow structure inside the 
basin. They found that the most dominant secondary current within the basin was the 
flow current towards the overflow weir. Athar et al. (2000, 2007) theoretically 
developed the following sediment diffusion equation in polar coordinate system by 
considering the inflow and outflow of the sediment flux through various faces of an 
elementary parallelopiped. 
- r-('- *'r c) + - ^ ^ (v^ c) + — (v^ c) = - — (f^ . r — 
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They solved the above equation numerically by using an unconditionally stable 
second order Crank-Nicholson type of implicit finite difference scheme by assuming 
that the vertical components of velocity to be significant only near the centre of the 
vortex settling basin. 
A brief review presented here indicates that the detailed studies have been made 
concerning the flow development in vortex settling basin by mainly observing the 
tangential velocities. A smaller number of studies are however available in which 
both radial and tangential velocities were measured. No detailed study is so for 
available on variation of tangential radial, and vertical velocity distributions in vortex 
settling basin. 
Effectiveness of vortex settling basin in removing the sediment from the flow can be 
evaluated mathematically by obtaining the solution of (Eq. 1.1). For simplified cases 
it can be solved analytically (Julien, 1986 and Vatistas, 1989). However, simplified 
solutions would not hold good for flow in the vortex settling basin due to complex 
flow and geometric configurations. Numerical solution, therefore, can be used for 
solving Eq. (1.1) by assuming that the vertical component of velocity to be significant 
in whole vortex settling basin and not only near the centre. 
1.3.2 Design of Vortex Settling Basin 
Vortex settling basin has been found to have large efficiencies (of the order of 90 per 
cent or more) for removal of sediment at small water abstraction ratios (about 5 to 10 
per cent) to be used for flushing of settled sediment particles. Water abstraction ratio 
is defined as ratio of under flow discharge Q^ to the inlet discharge Q,. Design of this 
type of sediment extractor involves the determination of the basin dimensions and 
sediment removal efficiency when sediment and flow related parameters are known. 
Leith and Licht (1972) have proposed a method for determination of removal 
efficiency of cyclone type particle collector dealing with dust removal. These devices 
have a flow structure similar to that observed in the vortex settling basin. Cecen and 
Akmandor (1973) have given expressions for obtaining basin diameter, its side wall 
height and orifice diameter for a given discharge, sediment size and desired sediment 
removal efficiency of a vortex settling basin. Salakhov (1975) has proposed a simple 
equation for the diameter of vortex chamber when sediment size and inflow discharge 
are known. Mashauri (1986) used a numerical model based on finite difference form 
for computation of sediment removal efficiency of vortex settling basin. Paul et al. 
(1988) and (1991) have proposed various empirical equations for determining the 
vortex basin dimensions and sediment removal efficiency when sediment and flow 
related parameters are known. Athar et al. (2000, 2002) have categorized vortex 
chamber type sediment extractors of different geometric configurations into three 
types and obtain an expression of sediment removal efficiency of the vortex settling 
basins. Gert and Jean (2004) deduced a mathematical formula which gives the 
separation efficiency for a given geometry of overflow chamber and for given flow 
conditions. Athar et al. (2005) analyzed the data collected from literature along with 
the data collected in laboratory for sediment removal efficiency of the vortex settling 
basins for a wide range of water abstraction ratios, sediment particle Reynolds 
number, aspect ratio and a new parameter in the form of h^/d^. The detailed review 
of these aspects indicated that no study is so for available on effect of diameter ratio 
{Dj I d^) and width ratio (D, IB) on the sediment removal efficiency of the vortex 
settling basin. Also no general relationships / methods are available at present for 
determination of the efficiency of sediment removal by vortex settling basin of 
varying geometrical configurations. 
1.4 OBJECTIVES OF THE STUDY 
The present investigation was taken up keeping in view the foregoing gaps in the 
knowledge about vortex settling basin. The broad objectives of the investigation were 
to conduct a carefully controlled set of experiments for studying the velocity 
distribution in the vortex settling basin. The variation of efficiency for sediment 
removal with the flow and basin related parameters would also be studied. The 
specific objectives of present investigation are listed below: 
1. To study the distribution of velocities in radial, tangential and vertical 
directions in the vortex settling basin. 
2. To study the distribution of sediment concentration in the vortex settling basin. 
3. To study the effect of diameter ratio (i.e. diameter of basin to diameter of 
underflow outlet) on the sediment removal efficiency of the vortex settling 
basin. 
4. To study the effect of width ratio (i.e. diameter of basin to width of the inlet 
channel) on the sediment removal efficiency of the vortex settling basin. 
5. To develop a predictor for determination of efficiency of removal of sediments 
by vortex settling basin having various geometric configurations using 
available and newly collected data. 
6. To develop a model for prediction of sediment removal efficiency of the 
vortex settling basin based on Artificial Neural Network (ANN). 
1.5 LIMITATIONS 
Circular cylindrical type vortex settling basin having diameter of 1.51 m was used for 
experimentation in present study. The inlet charmel having dimensions 7.70 m length, 
0.31 m width and 0.50 m depth was used. The dimensions of the outlet channel were 
length equal to 1.60 m, width 0.31 m and depth equal to 0.50 m. The diameter of the 
underflow outlet orifice was varied from 0.0389 m to 0.152 m and the width of the 
channel was also varied from 0.06 m to 0.31 m. Cohesion less uniform sediments 
having sizes 0.058 mm to 0.825 mm were used. Suspended sediment concentration in 
vortex settling basin varied from 940 ppm to 1798 ppm by weight. 
Chapter - 2 
REVIEW OF LITERATURE 
2.1 GENERAL 
Many investigations concerning the flow mechanism in a vortex basin and the 
sediment removal efficiency of the vortex settling basin have been carried out in the 
past. Some of these were only concerned about the determination of sediment removal 
efficiency of these vortex basins with varying geometric configurations and hydraulic 
conditions. Circular cylindrical chambers or basins have been invariably used in all 
the mvestigations. Some investigators have studied the variation of sediment 
concentration and the mechanics of flow inside the vortex basin. In the present 
chapter, the information available from different studies of vortex settling basin is 
grouped into three categories namely (i) flow pattern in the vortex basin (ii) variation 
of sediment concentration in the basin and (iii) sediment removal efficiency of the 
vortex settling basin. Salient findings of previous investigations on the above aspects 
are reviewed in detail for illustrating the results obtained and for identifying the gaps 
in knowledge regarding them. 
2.2 MECHANISM OF FLOW IN THE VORTEX SETTLING 
BASIN 
Anwar (1965) was probably the first who carried out theoretical analysis of flow in a 
free vortex using Euler's equations of motion in cylindrical co-ordinate system. 
Assuming steady and axi-symmetric flow, the flow continuity equation along with the 
Euler's equations of motion were written as: 
(2.1) dv V dv 
dr r dz 
dv dv 
r r 
V '— + V — -
r dr z 5r 
= 0 
r 
1 dp 
p dr 
(2.2) 
V — ^ + V — ^ + - ^ ^ = 0 (2.3) 
'^  dr 2 6z Y 
dv dv 
z , .. z 
1 dp 
V ^ + v - ^ = - ^ ^ (2.4) 
^ dr ^ dz p dz 
Herev^, v^  and v, are the velocity components along radial, tangential and axial 
directions respectively, p is the pressure, r is the radial distance and p is the mass 
density of the fluid. 
Anwar (1965) made the assumptions that velocity and pressure components vary in 
axial and radial directions only, and obtained the following expressions 
1 Vr = - v^ tan(/>j 
- A/I - (2")^ (2.5 a) 
^ = 1 -
•^0 
- VJ - (2«)^ 
tan^. 
loge - ^ (2.5 b) 
tan^ 
( ^2 
\ ^ 0 ; 
1 - - J l - (2w)^ tan< ,^ 
= 1 - 2 ^ ^ logg — - L (2.5c) 
l + V l - ( 2 « ) 2 tan^^ 
Here ^, = r/z and v^  and v^ ^ are the tangential and axial velocity components at the 
reference conical angle <f>„ eind /i is a coefficient. 
Experimental data were obtained in an open transparent cylindrical chamber 0.91 m in 
diameter and 1.52 m in height. Circulation was generated by means of a set of 
diametrically opposite placed nozzles. Opening of different sizes was provided at the 
centre of the chamber for occurrence of the outflow. The following conclusions were 
drawn from this study: 
(i) The tangential velocities were found to depend on radius as shown in 
Fig. 2.1(a) which gives results of the tangential velocity measurements made 
at various levels and radii. Figure 2.1(b) shows the comparison between 
calculated and measured tangential velocities at a distance far from the vortex 
core. A significant departure from this theoretical distribution was found to 
occur in the region between the point marked as A, and the air-core. Figure 
2.1(c) gives more detailed measurements taken close to the core beyond point 
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A, with which calculated velocities from the theoretical analysis are compared. 
It can be noted here that a better fit with experimental data is obtained for the 
calculated tangential velocity distribution for higher values of n, which 
represents the ratio between tangential and axial velocities. In Fig. 2.1(c), 
r„ represents the radius of air-core. 
(ii) The variation of radial velocity in horizontal plane at outlet pipe entrance 
level-tank bottom level with outlet pipe is shown in Fig. 2.1(d). This figure 
clearly indicates that there are two regions of radial velocity. Very near to the 
core, the radial velocity is small, it gradually increases and then far from the 
core after attaining maximum value it starts decreasing. It is to be mentioned 
here that the results of Anwar (1965) relate to circulatory motion in a circular 
chamber. However, inflow conditions in the chamber differ from those of a 
vortex settling basin. 
Further, Anwar (1969) studied the tangential velocity distribution in a transparent 
circular tank 0.91 m in diameter and 1.52 m high to verify the results obtained from 
laminar flow theory. Water was led into the tank tangentially by means of nozzles at 
the tank circumference. A central outlet pipe 100 mm in diameter and 2.73 m long, 
flush with the bottom was used. Top of the tank was closed to produce vortices with 
strong circulation. Anwar (1969) reports that when the top and bottom surfaces of the 
tank were smooth, the distribution of the tangential velocity corresponded to that for 
laminar flow and the injection of dye revealed a number of vertical layers. Outside the 
vortex core, the measured tangential velocities followed the proflle for irrotational 
vortex. The observed and computed tangential velocity distribution by Anwar (1969) 
is shown in Fig. 2.2. It is clear from these figures that a Rankine type vortex is formed 
which is a combination of forced vortex near the center/core and free vortex towards 
the periphery. 
Cecen (1977) measured the tangential velocities in the vortex basin by using a 
miniature current meter at various distances from the bottom in four sections of the 
vortex basin having the inflow and outflow configuration as shown in Fig. 2.3. The 
observed distributions of tangential velocity are also plotted in Fig. 2.3. These 
velocities distributions on comparison with the one in a two-dimensional Rankine 
combined vortex shown in Fig. 2.4 after Julien (1986) (discussed later) and that 
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shown in Fig. 2.2 after Anwar (1969) are found to be quite similar. The intersection of 
the free and forced vortices was found by Cecen (1977) to occur at a distance r„, 
which was related as r„ = -y/c, la . Here ci is constant of free vortex and o) is the 
angular velocity. The value r^ was given by some other investigators such as Rott 
(1958) gave a relation for r^  as r^  = -JlvTa^ where the constant a^ = 1.93(g//j„)°^°, 
h^ is the head over the intake. Anwar (1967) proposed r^ « r^ or d^ 12, Odgaard 
(1986) suggests r^ = •Jv/a. Here v is the kinematic viscosity and a is a factor of 
proportionality given as v^/^hp . In the above expression d^ is the diameter of the 
outlet orifice and r„ is the radius of vortex air-core. Some non-uniformity among the 
velocity distributions at various sections presumably due to effect of entrance 
condition is evident in Fig. 2.3. 
According to Cecen (1977), the chamber of a circular cylindrical vortex settling basin 
can be divided into four regions (see Fig. 2.3) for describing the flow variation in it. 
Along the periphery of the basin, flow enters and leaves the basin through the inlet 
and overflow outlet channels respectively. Flow conditions in this region are highly 
complex and depend to a large extent on the geometry of the entrance and the 
overflow outlet. However, the flow near the periphery can be approximated by a 
forced vortex. Adjacent to this region a forced vortex is formed in which the 
tangential velocity increases with the radius. Near the centre, where outlet orifice 
exists, the velocity distribution follows the characteristics of a forced vortex in which 
the tangential velocity increases with the radius i.e. towards the centre. Air-core may 
also be present at the centre depending upon the size of the orifice. 
Also within the vortex flow, fluid layers near the basin floor are decelerated due to 
fiiction. The non-uniformity of centrifiigal forces along a vertical section thus causes 
the sediment particles near the floor to be moved towards the centre of curvature. 
Through any solid particle that enters the chamber follows a helicoidal path towards 
the centre. Hence such a system provides to a sediment grain a much larger settling 
length which is many times larger than the dimensions of the vortex settling basin. 
Thus the velocity higher than those exists in classical settling basin can be permitted 
in the vortex settling basin. 
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Rea (1984) conducted experiments on a circulation chamber type settling basin to 
observe and measure the secondary currents within the basin. A perspex model was 
used in which secondary flow pattern was observed using a photographic technique. 
Small neutrally buoyant particles were introduced into the flow. As the water 
circulated within the basin, the particles were illuminated as they passed through a 
narrow, radial beam of light. Long exposure photographs of the particles were taken 
at right angles to the beam. Vertical and radial velocities were therefore shown on the 
photographs by bright streaks. The secondary flow velocities were measured by 
placing a rotating fan in front of the camera. The following inferences were made: 
(i) Near to the bed there was a region of high radial velocity towards the centre of 
the chamber. In this region the maximum radial velocity was found to be 
inversely proportional to the distance from the centre. The vertical distribution 
of radial velocity within the region is similar to that given by the exact solution 
of boundary layer flow for fluid rotating with uniform angular velocity over a 
stationary planer boundary. 
(ii) Away from the bed the secondary flow were very complex and also unsteady. 
However, the patterns were cyclic with a time period corresponding to the 
period of revolution of water i.e. at 0.70 times the basin radius. It is possible 
that these secondary current cells were similar to those, which have been 
observed in unstable flow between concentric rotating cylinders. The 
secondary flow pattern was simplified and stabilized by installing a horizontal 
deflector plate within the vortex basin. Photographs taken of the secondary 
flow patterns at a different position showed that the cells changed in space as 
well as in time. 
Julien (1985 b) studied the motion of a small spherical particle in a Rankine type 
vortex flow. A Rankine combined vortex is a simple two-dimensional model 
describing vortices in homogeneous fluids. It combines a rotational vortex core or 
forced vortex core of finite radius /-„ and constant vorticity (o surrounded by an 
irrotational vortex or free vortex of constant circulation V -2 narl. The variation 
of tangential velocity in Rankine combined vortex is shown in Fig. 1.4. 
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Julien (1985 b) observed that in the combined Rankine vortex having an initial 
homogeneous mixture of fine sediments, the particles heavier than the surrounding 
fluid were moved outside of the vortex core by centrifugal action. As a sediment 
concentration gradient was built up across the vortex, a diffusive flux opposite to the 
centrifugal flux was induced and equilibrium was reached when the two fluxes were 
equal. Variation of sediment concentration due to this is discussed later. 
Odgaard (1986) used the simplified form of the Navier-Stokes equations of motion 
along with equation of continuity in polar co-ordinate system to get the velocity 
components in three mutually perpendicular directions for an air-core vortex motion 
occurring around a vertical pipe intake. The equations used by him are as follows: 
— - + - ^ + —— = 0 
dr r dz 
dvj. dVf. ^a 1 dp Vr—^+v — t - _ _ E . = i - + v 
dr ^ dz r pdr 
dr ^ dz r 
2 2 ~ dVf 1 dVf Vf d Vf 
Qf2 r dr ^2 ^ 2 
dr'^. ' r dr ^.^ Q^-
dvy dv^ 1 dp 
Vf +V -= — + V 
dr ^ dz p dz dr'^ r dr ' Q^-
+ g 
(2.6) 
(2.7) 
(2.8) 
(2.9) 
Here, v is the kinematic viscosity and g is the gravitational acceleration. The 
following relationships for velocity components for an incompressible fluid were 
obtained by solving the above equations under the assumptions of steady, axi-
symetric and laminar flow. 
^ 2m-
1-exp 
^ 2^ 
ar 
V 2v 
(2.10a) 
a r (r < r , z < hp) 
v^ =2az (r < r,„ z <hjy) 
(2.10b) 
(2.10c) 
Here hp is the depth of flow at the periphery of the vortex basin. 
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Mashauri (1986) conducted both theoretical and experimental investigations regarding 
velocity distribution across the vortex settling basin. Three geometrically similar 
models were used for this purpose. The observed velocity distributions are shown in 
Fig. 2.4. This figure indicates that there is relatively high tangential velocity at some 
distance from the centre of the rotation and at the side wall. Midway across the half 
section of the basin, the velocity is at its lowest. This velocity situation is comparable 
to the findings of Cecen (1977). For theoretical investigations, Mashauri (1986) made 
the following assumptions. 
(i) Flow in the vortex basin is axi-symmetric i.e. it is independent of angular 
position, thus the flow was described with only two independent variables i.e. 
the vertical height z and radial spacing r. 
(ii) The inflow tangential velocity was considered to be constant around the 
periphery of the basin and was taken to be equal to the mean velocity at the 
entrance. Thus, while the inlet to the physical model was at one point, 
tangential to the circumference of the basin, in the mathematical model it was 
assumed to be through a porous wall equal in height to the diameter of the inlet 
pipe and of length equal to the perimeter of the chamber. 
The flow equations in non-dimensional forms used by Mashauri (1986) are given 
below: 
_d'^f d^f 3 df 
dZ' dR' R dZ 
(2.11) 
d^Q D d^Q 
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3 dQ D 
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dv^ dv. 
' R, Here Q r» is the non-dimensional vorticity defined as Q r. = —— 
^ ^ (Of r \_ oz or 
is the reference length, <y^  is the reference frequency defined as o)^ = QJ{A,R,), f 
is the dimensionless stream function defined as (pla^R r^ where cp is the stream 
function. R and Z are the dimensionless radial and vertical distances and V^, Vg and 
V2 are the dimensionless velocity components along r , 6 and z directions 
V 
respectively. The apparent eddy kinematic viscosity is defined as £:, = s,-, + . 
(OfR, 
The dimensionless eddy viscosity was estimated by defining it as below: 
£D=1 
2^2 (2.14) 
Here / is the mixing length and ^ is a local dissipation function defined as: 
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While the mixing length was empirically expressed as 
/ = j Z / ? ( l - Z ) ( l - / ? ) 
dV^ ^ dVr 
dR ^ dR 
2 ( dVA 
R- 9 dZ 
(2.15) 
(2.16) 
Here Z is the non-dimensional flow depth in vortex chamber, R is the non-
dimensional radius of the chamber and x is the mixing length constant, value of 
which was chosen such that it produced best match between the computed and 
observed results. In addition values of the coefficients related to skin friction and 
kinematic viscosity were varied to obtain the satisfactory agreement between 
observed and computed results. The theoretical model developed by Mashauri (1986) 
computes the tangential, radial and axial velocities, which are shown in Fig. 2.5. The 
radial velocity varies only in the radial direction. The tangential velocities are found 
to increase with decreasing radius. Similarly the axial velocity seems to intensify as 
the underflow is approached. 
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Vatistas (1989) performed theoretical and experimental investigation for free surface 
formation of fluids caused by the influence of a prevailing combined vortex. The 
experiments were performed in 28.6 cm cylindrical container filled with water in 
which a strong steady and axi-symmetric vortex was generated by means of a 
magnetic stirrer. An approximately constant diameter vortex core in z direction was 
formed and made visible using a water-soluble dye. Liquid ripples on the free surface 
as a result of inertial waves were observed. Vortices with long thin cores and rotating 
in the direction of spinning stirrer with a regular period were also observed to develop 
about the geometric centre of the container. To visualize the secondary flow the light 
slicing technique was used. The light source was produced by a 16 mw He-NE laser 
and chalk powder was used for seeding. Vatistas (1989) derived the following 
similarity relationship between tangential velocity and radius (see Fig. 2.6) 
2;rr„ V f^ = -[l-exp(-;7r,0] (2.17) 
Here r, is the dimensionless radius defined as rfr^ and ;; is a constant. 
Zhou et al. (1989) studied the flow characteristics inside a sand jfunnel using Laser 
Doppler Anemometer (LDA). The sand fuimel is a device, which has geometric 
configuration very much similar to that of a vortex chamber sediment extractor. It 
look like a cone and is used for extracting sediment by vortex action. The test was 
conducted on a pilot model of sand funnel with diameter of 100 cm having 10 cm 
diameter orifice at its centre. A deflector with 50 mm width was used to divert 
sediment-laden water towards the bottom orifice. In order to take observation by 
LDA, a square box was installed in the circumference of sand funnel so that water 
flowed into a spilling box before entering the inlet canal. Measurements were done for 
tangential, radial and axial velocities at different vertical and radial distances. The 
following conclusions were drawn: 
(i) Circulatory flow in sand funnel generates a free vortex in the inner region and 
a forced vortex in the outer region. There is maximum tangential velocity at 
the interaction of two vortices. 
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(ii) Radial components of velocity field were larger close to bottom and gradually 
decreased towards the water surface. On the other hand, radial velocities in the 
near center of sand funnel were larger than outer regions. 
(iii) Axial or vertical velocities are smaller than tangential and radial velocities in 
the flow field. The direction of axial velocities at intersection of free and 
forced vortices was unsteady. 
(iv) The vertical upward velocities may decrease the trapping efficiency of the 
chamber. 
(v) The sediment extractor demand that water-head in its inlet be only more than 
0.20 m. 
Mih (1990) and Hite (1991) have derived the concise form of equations for the 
tangential, radial and axial velocities of air-core vortices at hydraulic intakes. Navier-
Stokes equations of motion along with equation of continuity were solved using the 
order of magnitude analysis. For a steady, axi-symmetric flow, the equation of 
continuity and the Navier-Stokes equations of motion are given as Eqs. (2.6) to (2.9). 
Mih (1990) and Hite (1991) replace the term v appearing in Eqs. (2.7) to (2.9) by the 
term u + ev for the computation of effective viscosity. The velocity components 
obtained after solving the stated equations are as follows: 
r 2r V, = -!^ ^ (2.18a) 
V, = ^ ^ (2.18b) 
^m 1 + 2 r 
V = ^ — ^ (2.18c) 
- rl (l + 2r,^)^ 
Here r^ is the radius where tangential velocity is maximum and r, = rfr^ . The 
comparison between observed and computed velocity distribution is shown in Figs. 
2.7 (a), 2.7 (b) and 2.7 (c). 
Paul et al. (1991) measured the tangential velocities in a vortex settling basin at 
different floor depths and radial distances using a miniature propeller current meter. 
Observed distribution of mean tangential velocity in the vortex basin was found to be 
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dissimilar to the velocity distribution obtained previously by Anwar (1969). The 
possible reason for this may be that in Anwar's experiment, inlet flow was uniformly 
distributed over the entire basin periphery because water was led tangentially into the 
basin with eight inlet nozzles along the circumference. 
Athar et al. (2000, 2003) carried out experimental study on velocity distributions 
within the vortex chamber on two geometrical models of vortex chamber. The 
velocity components along tangential and radial directions were measured by two-
dimensional Programmable Electro Magnetic liquid velocity Meter (PEMS) at various 
nodal points in the chambers. The nodal points were fixed by dividing the chambers 
into five circular segments and further subdividing into eight angular segments. 
Tangential and radial velocities were measured at these nodal points at horizontal and 
vertical alignments. Velocities were measured for two inlet discharges and varying 
water abstraction ratio. The observed velocity distributions are shown in Fig. 2.8(a) 
and 2.8(b). 
Following conclusions were made on above study: 
(1) Within the chamber, the velocities in radial and tangential directions are found 
not to vary significantly along the vertical direction. 
(2) Flow patterns are found to be different in different segments of vortex 
chamber of both geometric models. Segments of vortex chamber having flow 
pattern similar to that of Rankine vortex extended only up to half the diameter 
lengths of vortex chambers. 
(3) Segments of vortex chambers having similar velocity distributions are 
identified by visual inspection. The flow structure inside the chambers may be 
expressed by set of equations. 
(4) The vertical component of velocity is found to be significant only near the 
centre of the vortex chamber. 
Zhou et al. (2001) performed experimental investigations on sand funnel to study the 
flow fields inside the funnel using clear as well as muddy water. The funnel had a 
circular cylindrical chamber with 150 mm diameter with 55 mm disilting hole at the 
centre. The bottom was sloped at 1:10. A deflector wall of 300 mm in width was fixed 
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in the half side of the sand funnel. The whole chamber was divided into various nodal 
points on which the tangential, radial and axial velocities had been measured for 
various hydraulic conditions. 
Following are the main conclusions from above study: 
(1) Inside the sand funnel three dimensional flow structure exist which comprises 
the tangential, radial and vertical velocities. These velocities have different 
functions such as tangential velocity maintain the vortex strength of the sand 
fuimel, radial velocity transport the sediment towards the centre of the flmnel 
while axial velocity is benefit to the sediment sinking. 
(2) Circulatory motion has such flow characters that there is a forced vortex in 
outer region and a free vortex in inner region and the combined circulatory 
flow causes the sediment transportation. 
(3) The effects of muddy water on velocity distributions were also studied and it 
was found that radial distribution of tangential time-averaged velocity of 
muddy water is consistent with that of clear water. However the axial 
distribution of tangential time-average velocity of muddy water is more 
regular (especially in inner region) than that of clear water. It was also seen 
that the radial velocity distribution along radial in the bottom of sand funnel is 
very different with that of clear water and its distribution in vertical is 
consistent with that of clear water on the whole. 
David (2002) measured the vertical velocity in simulated tornado-like vortices as 
shown in Fig.2.9. Tests were conducted in the Miami University Tornado Vortex 
Chamber (TVC). The velocity was measured by hot-film probe/constant temperature 
anemometer system. The probes were calibrated in a low flow wind tunnel in which 
stable flow velocities could be produced by applying a range of voltages to the tunnel 
fan motor. This was done to achieve high level of accuracy in the velocity 
measurements. Velocity data were measured using hot film probe attached to a 
variable height, rotating mounting arm. The rotating mechanism was attached above 
the updraft radius. 
The data acquisition process was repeated at different probe heights for super-critical 
vortex flow at five swiri ratios 0.22, 0.32, 0.37, 0.38 and 0.39. The volume flow rate 
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through the hole was set at 0.386 m^/s, maintaining an average velocity through 
updraft hole as 2.0 m/s. 
The following conclusions were drawn: 
(1) Axial vertical velocity measurements were presented as a function of 
supercritical vortex height for varying swirl ratios. 
(2) The data suggested a strong correlation between super critical inner-core 
region diameter and swirl ratio, as well as an apparent breakdown of super 
critical structure well below vortex breakdown (vortex bubbling). 
(3) The diameter of the inner core region contracts drastically as the swirl ratio 
increases. 
Gheisi and Keshavarzi (2006) conducted experimental studies on vortex chamber to 
study the three dimensional flow structure inside the chamber. The experiments were 
conducted in a circular chamber with 1.0 m internal diameter and overall height as 
0.70 m having tangential inflow and outflow in anti-clock-wise flow direction. A 
diaphragm was installed at the inlet of the chamber at 0.17 m above the bed. The 
bottom of the chamber was kept sloping towards centre at a rate of 1:10. A flushing 
pipe or underflow outlet with diameter equal to 0.05 m was installed to collect the 
flushed out sediment. Whole chamber was first sectorised in tangential, radial and 
vertical spacing thus forming about 384 nodal points inside the chamber. Velocities 
along tangential, radial and axial directions were measured with Acoustic Doppler 
velocity meter (ADV). 
Following conclusions were drawn from above study: 
It was found that the most dominant secondary current within the chamber was the 
flow current towards the overflow weir. This secondary current occupies a region near 
the overflow weir, with the maximum value of velocity near the bed next to the 
central orifice. By getting far from the bed this region extends towards the inlet 
channel in the opposite of the flow direction. It also stretches towards the central air 
core at the centre of the beisin. This region causes the flow currents to get away from 
the central air core. Therefore a region with high tendency towards the central air core 
would form exactly in the other side of basin, exactly similar to the region which was 
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formed near the overflow weir, but with tendency towards the central air core. In this 
new region the highest tendency was occurred near the bed, especially near the central 
orifice. This region causes the inlet jet to defiect towards the central air core. This 
deflection generated two vortices. One of them formed under the inlet jet, near the 
bed. The other one was placed above the inlet jet. These two vortices went ahead 
along the inlet jet but gradually the upper vortex, by approaching towards the 
overflow weir came down and also over come the near bed vortex. This vortex 
through passing under the overflow weir would strengthen and made a current 
towards the central air core near the bed and a current with downward tendency near 
the periphery wall of the chamber. 
Review presented above indicates that the detailed studies have been made 
concerning the flow development in vortex settling basin by mainly observing the 
tangential velocities. A smaller number of studies are however available in which 
both radial and tangential velocities were measured. No detailed study is so for 
available on variation of radial, tangential and vertical velocity distributions in vortex 
settling basin. Flow field in the vortex basins resembles very much with the Rankine 
vortex system except that it is also affected by inlet and outlet conditions as well. 
Tangential and radial velocities are found to remain uniform over the most part of the 
flow depth in vortex basin, and vertical component of velocity is significant only near 
the orifice at the centre of the basin. 
2.3 SEDIMENT CONCENTRATION DISTRIBUTION IN THE 
VORTEX BASIN 
Knowledge regarding the variation of sediment concentration within the vortex basin 
is useful in the determination of sediment removal efficiency of the vortex settling 
basin. Also this knowledge can be made use of in evolving such vortex settling basins 
that are more efficient in flushing out sediment fi-om its flow. Only a few studies are 
available regarding variation of sediment concentration in a vortex basin. These are 
reviewed below: 
Julien (1986) developed relationships for the suspended sediment concentration 
profiles in a steady Rankine vortex. He considered that with rotation of fluid with 
very fine sediment in a circular path, vortex is formed and the sediment concentration 
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gradient gradually builds up across the vortex. A diffusive flux proportional but 
opposite to the centrifugal flux is induced. Equilibrium is reached when two fluxes are 
equal. At this stage, the sum of all forces i.e. pressure, centrifugal as well as viscous 
force reduces to zero and the sediment particles attain a limit velocity in radial 
direction given as: 
V, = 
18 Pf 
\ 2 
r V 
(2.19) 
The equilibrium condition may be described as: 
(2.20) 
Here c is the sediment concentration by volume and e^ is the diffusion coefficient, 
which is independent of r regardless of whether laminar or turbulent diffusion is 
involved. Julien (1986) also conducted experiment to verify his result for the sediment 
concentration distribution using very fine silts with 0.053 mm < d^^ < 0.0074 mm and 
specific gravity of 2.73 fairly mixed in 3.0 liters of water providing a concentration of 
50 g/1. The whole mixture was stirred in a circular vortex chamber with the help of a 
76 mm magnetic stirrer revolving in the bottom of the container. A strong combined 
vortex was generated. At steady state condition when equilibrium is achieved samples 
of mixture were extracted and weight of the sediment measured after the samples had 
been dried from which the concentration was obtained. The following were the main 
conclusions: 
(i) The theoretical concentration profiles in a Rankine combined vortex are given by 
P„ 
\ ' 
- 2 
/ 
and 
c 
for r < r. 
- ^- P 'o 
— - s o —r for r > r 
(2.21) 
(2.22) 
where /?„ = P. 
y^f ) 
— ^^^^n^cv\. The values of e^ were 
1.67* 10"^  m^/s and 9.4* 10"* m^/s for model A and B respectively. 
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(ii) The concentration is constant when P„ = 0 which corresponds to infinitely 
small particles or neutrally buoyant particles i.e. p^ =" Pf The profiles for 
Po>0 indicate decrease in concentration towards the center of the vortex 
while the concentration increases towards the centre when p^ < Pf 
(iii) The horizontal motion of sediment particles indicates that no significant 
secondary circulation was present in the vortex. 
(iv) The sediment concentration profile depended on three major factors viz., 
diffusion, friction and centrifugal force exerted on small particles. 
(v) There was an excellent agreement between concentration profiles obtained 
from theoretical analysis and that measured experimentally. 
Vatistas (1989) conducted studies on development of fine silt concentration caused by 
the influence of a prevailing combined vortex. The sediment concentration profiles 
obtained by Julien (1986) were found to be in good agreement with results obtained in 
the study of Vatistas (1989). However the values of s^ used for computations were 
different to those used by Julien (1986). 
Athar et al. (2000, 2007) theoretically developed the sediment diffusion equation in 
polar coordinate system by considering the inflow and outflow of the sediment flux 
through various faces of an elementary parallelopiped. The equation was written as 
Eq.(l.l): 
-—{rvrc) + - T ^ ( v ^ c ) + — (v-c) = - — (e^ r —) + 
r or r ov " cz r or or 
1 d ( 
— + — 
az J dz 
The above equation was solved numerically by using an unconditionally stable second 
order Crank-Nicholson type of implicit finite difference scheme. Values of tangential 
and radial components of velocity in above equation were computed by various 
empirically derived relations by them using measured data inside the vortex chamber 
with PEMS flow meter. By assuming that the vertical component of velocity v^  is 
significant only near the centre of the vortex chamber i.e. at the orifice outlet, they 
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used the relation as per Odgaard (1986) for computation of v^  i.e.; v^  = 2az.The 
differential equation was converted into difference equation and was solved by Gauss 
Elimination method by making use of appropriate boundary conditions. The 
discretization parameters used in numerical scheme for the solution of finite 
difference equation were A9 = n/4, AR = 0.20, AZ = 0.33 and a = 0.55. A satisfactory 
agreement was found to exist between computed and observed values of sediment 
concentration at various nodal points. 
No detailed investigation is however, available on study of suspended sediment 
concentration in vortex settling basin by considering tangential, radial and vertical 
velocity components. Thus there is a need to collect such information for evolving 
more efficient vortex basin. 
2.4 TYPES OF VORTEX SETTLING BASINS 
As mentioned earlier, vortex settling basin has smaller size as compared to the 
conventional settling basins. Available literature reveals that sediment present in flow 
both as suspended load and bed load can be extracted by vortex settling basin with 
high rate of removal efficiency and for small amount of flushing or abstraction 
discharge. However, sufficient information is not available regarding phenomenon of 
sediment settling in a vortex basin; as a result definite criteria are not available for its 
design. In the following paragraphs the review is presented on various types of 
extractors that employ circulation of flow for sediment removal. 
Walton and Key (1939) were probably the first who studied the performance of 
circular chambers for sediment removal. In an attempt to design sludge extractors for 
water works for the City of Alexandria in Egypt, the circular vortex basin was 
provided which had a tangential inlet as shown in Figs. 2.10 (a) and 2.10 (b). The 
tangential inlet arrangement shown in Fig. 2.10 (a) showed, a good promise when 
initiated but latter on it proved to be illusory due to the updraught and lifting of sludge 
from the floor of the chamber in the neighborhood of the central draw off 
Geiger (1942) used the grit chamber extractor as shown in Fig. 2.11 for separation of 
solids from sewage. This type of vortex settling basin is also called as swirl 
concentrator (Sullivan et al., 1974). Geiger equated the vortex-settling phenomenon to 
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the settlement of sediment on the inside of a curve if fluid is moving in a curvilinear 
path. Geiger assumed the grit separator to behave like a combined Rankine vortex 
flow. The sediment particles move to the centre of the chamber mainly due to cross 
current in the flow which is downward near the outer wall and moves along the basin 
bottom and up again at the central annulus. Friction between the water and the basin 
bottom decelerates the sediment particles near or at the floor thus carrying them to the 
centre. Geiger's aim was to remove grit particles greater than 0.20 mm from the flow. 
The system worked well except that, the free vortex flow could not be controlled and 
some particles were rotating continuously or floating instead of settling down. To 
correct this behavior on this it was proposed to remove the free vortex flow by 
inserting a flow deflector at the chamber entrance port. 
Yokes and Jenkins (1943) fiuther studied the use of circular basins as advocated by 
Walton and Key (1939). They altered one of the three upward-flow tanks working 
parallelly for the separation of activated sludge. The tanks were 13.4 m in diameter 
with central inlet and peripheral discharge. The centre feed arrangement from one of 
the tanks was removed and a silting chamber was created in the peripheral walls, from 
which the flow entered the tank horizontally, at an angle so as to cause the contents to 
rotate about the vertical axis. A wall was constructed on the existing weir, thus 
causing the flow to pass through two-thirds of the periphery before coming to the 
submerged outlet weir occupying the last one-third. Experiments conclusively proved 
that, for separating activated sludge under these conditions, the performance of the 
altered tank was inferior to that of the unaltered tanks. 
Smission (1967) conducted model studies on vortex chamber sediment extractors. 
Based on results of these studies two prototype structures were installed at the White 
Ladies Road in Bristol, UK for the removal of solids from the combined sanitary 
sewage and storm water flows. Figure 2.12 shows the line sketch of these vortex 
settling basins. 
Leith and Litch (1972) have presented an approach for determination of the collection 
efficiency of cyclone type particles collectors dealing with the dust removal. They 
assumed that free vortex flow exists in the cyclone tube. Their results compared well 
with experimental data. 
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To achieve higher separation efficiency multiple hydroclones can be arranged in 
series or parallel. It can be used as a means to handle increased flows or solid content 
(Svarovsky, 1981). 
Separation of solids from liquid in hydrocyclones depends mainly on the centrifugal 
force imparted to the particles, which forces the particles towards the wall. The 
particles, once on the wall, simply slide up or down depending on the arrangement of 
the underflow with respect to the overflow. A result of this is that, a cyclone can be 
installed inclined, horizontally or even in an inverted position (Svarovsky, 1984). 
The main difference between a hydrocyclone and a vortex settling basin is that in a 
vortex or swirl basin inertial acceleration is very small compared to the gravitational 
acceleration, while in a hydrocyclone it is the inertial force, which dominates. 
Consequently, the scaling and removal efficiency of a vortex basin depend only on the 
gravity and not on the inertia and head difference. Separation in a vortex basin is 
essentially the result of secondary currents and underflows, which transport the solids 
towards the centre of rotation. This phenomenon of sediment extractor is termed as 
the 'tea-cup' effect (Mashauri, 1986). 
Sullivan (1972) and Sullivan et al. (1974, 1982) utilized the swiri concentrator 
principle in removing particles of various grain sizes and specific gravity. The swirl 
concentration principle involves development of a flow chamber utilizing circular 
long path kinetic energy to induce separation of solids from liquid and settling of the 
particles. General view of a grit separator or swirl concentrator is shown in Fig. 2.13. 
Settling is achieved by ensuring optimum hydraulic conditions and the removal of 
solids without the use of mechanical accessories. The hydraulic model studies carried 
out by Sullivan (1974) led to the following inferences: 
(i) A flat floor is inadequate over wide ranges of discharge. At lower flows 
deposits are likely to be a serious problem. 
(ii) A hopper (with cone angle = 60°) was found to be satisfactory over a wide 
range of sizes. 
(iii) The ratio of height to chamber diameter is in the range 0.167 < //r / £>r < 0.32. 
Here Hj is the overall height of the vortex chamber and DT is the diameter of 
the chamber. 
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Velioglu (1972) suggested the use of vortex settling basin as an intermediate unit in 
water and wastewater treatment processes. Velioglu observed that the sediment 
removal efficiency decreased as the free vortex size increases in the basin. In other 
words as long as the free vortex flow is dominant (over the forced vortex) settling 
efficiency will be relatively low. This agrees with the findings of Sullivan (1972) who 
studied flow behavior in a swirl concentrator having geometric configurations as 
shown in Fig. 2.13 Sullivan (1972) proposed replacement of free vortex with forced 
vortex, which is more effective in solid-liquid separation. 
Curi et al. (1975) investigated the use of vortex as a separation device as one of the 
possible solutions to the problem of high velocity solid-liquid separation. According 
to them if in a cylindrical tank having an orifice at its centre, a relatively high-velocity 
flow is introduced, the resulting flow will be a combination of free and forced 
vortices. The model used by Curi et al. for experimentation comprised of a cylindrical 
tank, with 90 cm diameter and with inlet and outlet channels laid tangential to the 
tank-periphery and an orifice of variable diameter equal 1.27 cm to 5.08 cm located at 
the center (see Fig. 2.14). Green and red lentil, white polystyrene, volcanic tuff, and 
wood staving were used as test materials. The analysis of the data indicated that for 
optimum efficiency, water abstraction ratio was equal to 5 per cent and if this ratio is 
increased beyond 5 per cent, frapping efficiency became independent of orifice size 
f/„ or the flushing discharge Q^. 
Salakhov (1975) used a circulation chamber for sediment removal. It consisted of a 
circular tank with a vertical wall to which water is supplied through a closed pipe 
tangential to its circumference (see Fig. 2.15). The clarified water escaped through a 
circular open trough, around the periphery of the chamber in its upper part. A flushing 
pipe is connected to a port in the centre of the chamber floor to remove the settled 
sediment to the downstream. The main aim was to clarify water for hydropower plants 
in mountain rivers characterized by steep slopes and high sediment load. The amount 
of water required to flush the settled sediment particles, i.e. flushing discharge was 
found to be a function of the air-funnel/core formed at the center of the flushing pipe 
orifice. The air-funnel, in turn depended on the velocity of flow in the basin which 
was influenced by discharge entering the basin and the inlet velocity. Sediments, 
heavier than water, traveled along a spiral trajectory on the chamber towards the 
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centre, from where they are discharged through the flushing pipe. The transport of the 
sediment from chamber's periphery towards the centre of the chamber is caused by 
bottom (secondary) flows which are formed due to rotary motion of stream in the 
chamber and are intensified by the flushing opening. Experiments were conducted 
using sediment ranging from 0.5 mm to 1.0 mm in size. The inlet discharge Qf basin 
diameter Dr and fall velocity of the sediment CDO used were found to be related 
together as; 
( \0.50 
- ^ (2.23) 
Following conclusions were also arrived from this study: 
(i) The stream flow in the circulation chamber is asymmetrical. 
(ii) In all cases where the flushing discharge escapes to the atmosphere, the air-
core is formed over the orifice piercing the entire flow depth and causing 
water to be released through the orifice having a comparatively small cross-
section. 
(iii) When the exit end of the flushing pipe is submerged, the air-core in the 
chamber becomes less deep and lifted resembling Rankine combined vortex. 
A circular boundary line is observed on the free surface of the stream. Floats 
entering the area inside this line are carried over the ftmnel cavity and into the 
orifice while those outside this are diverted towards the edge of the chamber. 
(iv) The greater the velocity of water entering the basin, the greater is the size of 
funnel. 
(v) Flushing discharge is relatively very small compared to the total chamber 
discharge 5 per cent < Q^ jQ, < 8 per cent. 
(vi) When a one sided inlet to the basin is employed, the axis of the air-core 
doesn't coincide with the axis of the orifice/chamber. It tends to shifts towards 
the sector of the third quarter of the circle in the direction of flow movement. 
The magnitude of the shift is being dependent on the stream circulation 
intensity in the chamber. 
(vii) Entire flow in the chamber was considered as potential flow. 
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(viii) The peripheral velocity was found to increase with decreasing radius, which is 
a characteristic of a free vortex flow. The peripheral velocity along the orifice 
radius r„ was almost constant (maximum value F,„ = -Jlgh^) 
(ix) Sediment fractions with size 0.50 mm < d^^ < 1.0 mm tend to settle in the 
circulation chamber with diameter D^ given by the relationship 
D',=2Q,/Q)„ (2.24) 
Cecen (1977) fiirther studied a vortex chamber type-settling basin, which is almost the 
same as Salakhov's (1975) circulation chamber. Cecen conducted experiments with 
three different geometric models viz. (i) peripheral-spilling weir as outlet and flat 
bottom (ii) tangential outlet and flat bottom, and (iii) tangential outlet and bottom with 
a slope of 10 per cent. All three models had tangential inlets. Cecen's observations 
agreed with Salakhov, that the secondary flows near the bottom of the basins are 
responsible for the movement of sediment towards the centre. The cause of secondary 
flows is thought to be due to two reasons. The first reason is the deceleration of fluid 
layers near the bottom by firiction between the fluid and basin bottom. The second 
reason is the secondary flow caused by the crosscurrents. Thus, the non-uniformity of 
centrifugal forces along a vertical causes particles near the bottom to move inward 
towards the orifice. Figure 2.13 shows a schematic view of the phenomenon of 
secondary flows is a vortex chamber. This figure illustrates "teacup" effect of settling, 
in vortex chamber. 
The solid particles follow a helicoidal path from the entrance to the orifice. This 
makes the settling length larger than the actual dimension of the basin. This in turn 
implies that higher velocities can be permitted with classical basins. 
The discharge through the underflow was almost proportional to the diameter of the 
orifice. However, this discharge never exceeded 3 to 10 per cent of the inflow 
discharge. Higher discharges are evident with sloping bottom version of the basin 
(Cecen and Akmandor 1973, Cecen and Bayazit 1975, Cecen 1977 and Mashauri, 
1981). 
Figure 2.3 shows the general geometric configuration of the system with a tangential 
inlet and a tangential outflow channel. The flow enters the basin tangentially at 
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bottom of the chamber and leaves the chamber at some higher location but again 
tangentially. The settled matter is flushed out at the centre through the underflow. 
Three options of the experimental set-up were examined. They are: 
1. Basin floor was kept horizontal 8-^=0 and water escaped tangentially. 
2. Basin floor sloping radially towards the centre on slope 5^ = 1:10, and water 
escaping tangentially and, 
3. Basin floor was kept horizontal and water leaving the basin not tangentially but 
by spilling over a weir along the periphery. The orifice size J„ varied from 4 to 
12 cm and D-^/d^ fi-om 16.67 to 50. 
Conclusions drawn from this study are: 
(i) The solid sediment particles follow a helicoidal path from the entrance 
towards orifice. This makes the settling length larger than the actual dimension 
of the basin. 
(ii) The discharge through the under flow is almost proportional to the diameter of 
the orifice. However, this discharge never increased more than 3 to 10 per cent 
of inflow discharge. 
(iii) The zone immediately near the side wall had a very complex flow pattern 
which expands on the design of both the inlet and outlet ports. 
(iv) A forced vortex is formed adjacent to .the zone near the wall where the 
tangential velocity increases with the radius, while a free vortex in which 
tangential velocities increases with decreasing radius is produced near the 
central air-core. 
(v) This type of settling basin showed superior performance especially in the 
removal of coarser materials, which made it ideal for hydropower plants. It 
also removed finer settable materials to a certain extent. 
Svarovsky (1981) used a hydrocyclone for the separation of solids from moving 
liquid. Hydrocyclones are fluidic devices, which use centrifugal forces to separate 
solids from liquids, liquids from liquids, solids from solids or dust from gas. Figure 
2.16 shows the main features of a hydrocyclone. Hydrocyclones have many 
31 
advantages over centrifuges which are based on same principle (Boadway 1972, 
Zheleva and Stulov 1983 and Bruce et al. 1983) because they have no moving parts. 
According to Svarovsky (1981) the flow in a hydrocyclone can be divided into three 
zones. Zone-I is adjacent to the cyclone wall where the tangential velocity increases 
with decreasing radius (free vortex conditions); the axial velocity in this zone is 
downward while the radial velocity is inward (towards the centre) and decrease with 
decreasing radius. Zone-II is in between zone-I and the air-core at the centre, hi zone 
II, the tangential velocity is proportional to radius, the axial velocity is strongly 
upturned due to upward flow in the core and in between there is a locus of zero 
vertical velocity. The radial velocity component is normally smaller than both the 
axial and tangential velocity components. Zone-Ill is the air column at the centre of 
the cyclone where flow is axial towards the vortex finder. In this zone radial and 
tangential velocity components are nonexistent. Any material entering this zone is 
discharged with the overflow. 
Chrysostomou (1983) studied the flow pattern and detention period in the vortex-
settling basin. He defined detention period as the time for which a definite quantity of 
water remains in the settling basin. Longer the detention time, longer the sediment 
particles remain in the basin to settle to bottom and eventually flushed thereby 
yielding higher removal efficiency. The detention time was measured by introducing a 
tube at the boundary between inlet channel and the deflector. Dye was introduced 
using a hypodermic needle and a syringe. To facilitate the visualization of secondary 
flow, neutrally buoyant particles with 0.04 mm size, silver in color and having a 
dispersion angle of 90° in water, were used as they neither float nor sink but follow 
the flow or current patterns in vortex settling basin. Tests were conducted using 
different chamber deflector with various chamber depths. The conclusions drawn 
from the study are as below: 
(i) It was observed that for certain deflector conditions and water depths in the 
basin at its periphery, the vortex oscillated around the centre of the basin in an 
elliptical orbit offset at times by as much as 0.05 m, i.e. 18 per cent of the 
basin radius and at 17° with the basin axis. 
(ii) Greater the water depth in the basin, smaller is the detention time and thus 
hp/Dj. >0.26. 
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(iii) The optimum peripheral basin depth below the inlet channel bed h2 has to be 
such that hjh, =0.60 or A,/D^ = 0.058 and /ijDj. =0.091 « 0.10. 
(iv) Decrease in B^ increases detention time for a given value of V^ with 
peripheral chamber depth, h^|h^ = 0.60 or AjD^ = 0.058 and D , / 5 , = 
7.86. 
Design aspects of vortex settling were studied at Irrigation and Power Research 
Institute at Malakpur, Punjab (IPRI, 1988). Two models having similar geometric 
configurations were constructed for experimentation. Diameter of the basin was 
varied in between 35^ and SB^ where B^ is bed wddth of the inlet canal. The size of 
under flow orifice varied from Bjl^ to Bj6. Sand (relative density = 2.65) of 
various sizes were used as test material. Data were collected for sediment removal 
efficiency as well as tangential and radial velocities at various depths and various 
radial locations. It was observed that for all sizes of vortex settling basin tested, the 
removal efficiency increased with decrease in D-jld^ at constant water abstraction 
ratio. For higher values of diameter ratio the efficiency of the basin falls down to 20 
per cent. For higher water abstraction ratio efficiency remains fairly constant at about 
90 per cent value. 
Ogihara and Sakaguchi (1984) reported investigations in a circulating tank for 
separating sediments from water flows using the rotating flow (see Fig. 2.17). When 
flow rotates horizontally in a cylindrical tank, secondary flow is generated which 
comprises of a vertical upward flow in the centre of the tank and downward flow 
nearby the inside part of the tank wall. As such, water on the surface flows from 
center outwards and that at the bottom vice-versa. These secondary flows transport 
deposited sediment to the centre of the tank. Ogihara and Sakaguchi (1984) carried 
out both theoretical as well as experimental analysis to study four aspects; namely the 
main rotating flow, circulation of secondary flow, sediment transportation and 
sedimentation in the tank. A relationship between velocity of inlet flow and velocity 
of rotating flow was developed using energy of the inlet flow. In the experimentation, 
data were collected on above process by using three models of the tanks. The 
diameter of first tank was 43 m while other two tanks had same diameter equal to 200 
cm. 
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Following conclusions have been drawn from this study: 
(i) The analysis clearly established relations for the velocity of flow inside the 
basin for different hpjR-r values such as 0.5, 1.0 and 2.0. The upward 
velocity in the center of the tank becomes larger in case h^ jRj is larger. 
(ii) Separation of sediments from the inlet flow is determined by the relationship 
between the fall velocity of sediments and vertical upward velocity at the 
center of the tank. 
(iii) The sediment with larger fall velocity than its upward velocity, go down to the 
bottom of the tank. 
(iv) When the discharge is larger, the upward velocity is controlled by the flow at 
outlet portion of surface intakes structure instead of secondary rotating flow. 
In an elaborate study Mashauri (1986) investigated the flow characteristics inside the 
vortex settling and developed the criterion for finding the settling efficiency of the 
basin in terms of basin discharge, basin slope, basin height and the ratio of basin 
diameter to underflow diameter. Two mathematical models, namely the "analytical 
model" and the "numerical model" were developed for vortex settling basin. 
Extensive experimental testing was conducted by using two laboratory models, and a 
prototype vortex basin. General geometric configuration of the vortex settling basin 
used by Mashauri is shown in Fig. 2.18. The vortex settling basin used by Mashauri 
(1986) generally consisted of tangential pipe inlet and pipe outlets. Both inlet and 
outlet pipe were in same alignment but at different bed levels. In the first model the 
bottom of the vortex chamber was kept horizontal while in other two cases a slope of 
1:10 was provided to encourage the flushing. A horizontal guide plate is provided at 
the inlet part to prevent short circuiting of the incoming flow to the outlet above, and 
also to confine the turbulence resulting from collision of the incoming and incumbent 
flows to the lower fluid layers. The results from mathematical models were compared 
with the results from the experimental testing. The main conclusions made were as 
follows: 
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(i) The vortex basin is smaller in size as compared to conventional settling basins 
handling the same discharge and is hence relatively inexpensive. It can, 
therefore, be incorporated in existing conventional treatment processes. 
(ii) Tangential inlet and outlet arrangements combined with use of flow deflector 
make it possible to impart swirling flow motion in the vortex basin. The 
secondary circulation caused by this is responsible for improving removal 
efficiency. 
(iii) The analysis indicates that for optimum efficiency, water abstraction ratio 
Qu IQ, equals to 5 per cent and as discharge ratio increases beyond 5 per cent, 
trapping efficiency becomes independent of orifice size d^ or the flushing 
discharge Q„. 
A collaborative study was conducted by Paul et al. (1988 a), IPRI, Punjab (India) and 
Hydraulic Research Limited Wallingford; England with the objective of formulating 
mathematical model and bringing out a manual to facilitate the design of vortex 
settling basins. Three basins with diameter 0.55 m, 5 m and 17 m were constructed 
with Perspex sheet. General layout of the vortex extractor used is shown in Fig. 2.19. 
In all three models of settling basins, the inlet and outlet channels were kept tangential 
to basin periphery and in the same alignment. The bottom slope Sj was kept as 1:10.7. 
The ratio of chamber diameter to orifice diameter was varied from 1:11.47 to 1:55.56. 
Uniform sand with relative density of 2.65 and median sizes of 0.175 mm, 0.22 mm 
and 5.5 mm was used as test material. The circular basin on its outer periphery had a 
Perspex jacket filled with water to facilitate visualization of flow and trajectories of 
sediment particles with the aid of a powerfiil light source. A 11.0 cm wide defector 
wall was also used in alternative geometric to encourage the settling of sediment 
particles. Following conclusions were drawn from these studies: 
(i) In the vortex-settling basin there is a characteristics region of flow located at 
distance of /?^ - B^ fi"om the geometric center and extending over a width 
equal to the bed width of the inlet channel B^. The properties of this region 
are; 
(a) Ratio of tangential velocity to average inlet channel velocity v^/F, 
remains constant. 
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(b) Ratio of radial velocity to average inlet velocity vjV, remains 
constant. 
(ii) Experimental data suggest that the optimum size of vortex basin has a 
diameter D^ equal to five times bed width of the inlet channel. 
(iii) The provision of a deflector in a vortex basin increases its trapping efficiency. 
If no deflector is provided some sediment, which is in process of settling in the 
basin may be picked up and get escaped with the spill flow in to the 
downstream channel. 
(iv) When Q, increases beyond the design limit Q^, trapping efficiency of vortex 
basin reduces. For maximum trapping efficiency, the water abstraction ratio 
QuiQ, should be equal to 0.05. A sloping bed of vortex chamber helps in 
keeping the bed clear of sediment deposit. 
Esen (1989) constructed a model of vortex basin type sediment separator for 
separating sediments from liquids. An initial model with 90 cm diameter based on the 
findings of Akmandor (1973) was constructed. The orientation of inlet and outlet 
channels shapes of inlet plate and approach wall were fixed by making use of 
Akmandor criterion. Based on results obtained from preliminary studies, a large 
vortex separator with nominal diameter as 1.35 m was constructed as shown in Fig. 
2.20. The sizes of the orifice used were 1.9 cm, 3.7 cm and 7.5 cm. Noryl, luran and 
sands with different mean sizes were used as test materials. Sudden batch load 
injection method was adopted. The following conclusions were drawn fi-om this 
study: 
(i) The orifice diameter du and underflow discharge Q^ do not significantly affect 
the removal efficiency. However, bell mouth orifices minimized air 
entraiimient and produced stable and smooth flow patterns, with stream vortex 
core. 
(ii) The water abstraction ratio Q^lQi was between 0.022 and 0.242 with a 
median value of about 0.05 (Esen, 1989). 
(iii) The detention time of flow in vortex chamber was found to be less than 30s. 
(iv) The total head loss between the inlet and outlet channel /?^  was less than 
0.027 m. 
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Zhou et al. (1989) analyzed the data of Salakhov's circulation chamber and used a 
similar type of sediment exclusion device for discharging bed load. For construction 
of vortex chamber in prototype cement concrete was used while plexi-glass and 
polyvinyl chloride plastic materials were used in the model in order to satisfy the 
similarity of roughness. Natural sand with median size of 0.25 mm and relative 
density of 2.65 was used as model sand. Experiments were conducted for varying 
inflow sediment concentration. Three test conditions were adopted. In first case test 
was carried out in such a way that the over flow takes place through entire periphery 
of the vortex basin. In second case only the half perimeter of the basin was used as 
over flow spillway while in third case test were carried out for strong spiral flow 
induced by adjusting curved vanes. Following inferences were made: 
(i) When vane was not used in the experimental set-up the forced vortex was 
formed at the periphery and free vortex near the center leaving an intermediate 
zone of less velocity. The sediment passing through this zone settled at the bed 
and could not be trapped thus rendering lower efficiency. When vane was in 
action the velocity of flow increased throughout the chamber and zone of less 
velocity also got modified. Due to strong spiral vortex all sediment were 
caught by the vortex flow and flushed out thus increasing the efficiency of the 
system. 
(ii) Due to the use of vane the air funnel forming at the center was also enlarged. 
This enlarged air funnel tended to form a spiral flow having higher ability of 
transporting sediment. 
Athar et al. (2000,2002) carried out extensive study on two models of vortex chamber 
sediment extractor with different geometric configurations. The diameter of each 
chamber was 1.0 m. In the first model the axes of the inlet and outlet channels were 
co-planar and these joined the vortex chamber tangentially while in second model the 
outlet channel was provided at a distance equal to chamber diameter, as shown in 
Fig.2.21. 
The vortex chamber models were constructed by 6 nun thick Perspex sheet. The 
bottom of the chamber was mode of painted steel and was given a slope of 1:10 
towards the center. The overall height of the chambers was 0.45 m. A sharp edged 
orifice with internal diameter of 0.10 m was provided at the center, which was fiirther 
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connected to an underflow outlet pipe. A gate valve was provided at the outlet end of 
the pipe to regulate the flow. The inlet and outlet channels provided for both the 
geometric models were rectangular in section joined the chamber tangentially. 
Extractors received water supply from a constant head, water tank. Water supply was 
controlled by means of a precalibrated sharp edged circular orifice meter. Outflow 
from overflow outlet channel was collected in a rectangular tank having sides and 
bottom made up of fine wire mesh. Sediment laden flow through underflow orifice 
was collected in a rectangular sand trapper. Sediment with their mean diameter 
varying from 0.054 nun to 0.931 mm was used. The discharge in the inlet channel was 
varied from 8.0 1/s to 22.0 1/s. Data for sediment removal efficiency were collected for 
both the extractors with wide range of hydraulic and geometric parameters. The 
conclusions drawn from their studies are as follows: 
(1) The extractors having different geometric configurations were categorized into 
three types. Elaborate analysis of data of various investigators had been 
carried out to obtain an expression for estimation of sediment removal 
efficiency of the vortex chamber type extractors. 
(2) The existing predictors could estimate the sediment removal efficiency with an 
accuracy of more than ± 40 percent for less than 55 percent of total data. The 
equations proposed by Athar et al. were found to produce results with a 
maximum error of ± 40 percent for about 100 percent of the total data. 
Zhou et al. (2001) performed experimental investigations on sand fimnel to study the 
flow fields inside the fimnel using clear as well as muddy water. It was found that 
the sand disposal rate is 100% for coarser sand particles (^ 5^0 > 0.5 nun) and is over 
90% for finer particles (d^ < 0.5 mm) at 3% of inlet canal discharge. 
Gert and Jean (2004) carried out experimental studies on swirl / vortex separators in 
the laboratory as shown in Fig. 2.22. The vortex model was made out of steel and the 
cylindrical body of the overflow chamber has a diameter of 1.2 m. The inlet pipe is 
sitiiated at the bottom and water enters the overflow chamber tangentially which has a 
peripheral spill. Inlet pipes with diameters 25 cm, 30 cm and 35 cm were used to feed 
water into the chamber. The crest of overflow was changeable in height, length and 
position. The bottom of the chamber was cone shaped to facilitate the sediment 
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movement towards the centre. Different geometric settings of the overflow chamber 
and inlet pipes had been tried to see the effect of configuration on removal efficient. 
For each case data were collected for a wide range of water abstraction ratios varied 
from 10 to 20%. Following inferences were drawn: 
(i) A mathematical formula was deduced, which gives the separation efficiency 
for a given geometry of overflow chamber and for given flow conditions. 
(ii) For the particles, the setting velocity determines what percentage of arriving 
particles will be spilled and what percentage will be collected in the through 
flow. 
(iii) For small, compact constructions (D/d-ratio below 4.5), the device acts as a 
vortex chamber. The rotational forces play their role in the separation of the 
settable solids. For larger constructions these forces become less important 
and separator works as a settling tank. 
(iv) For small constructions the 'real' vortex separator can be an alternative for the 
high-side weir overflow and for the larger constructions they can be 
considered as an alternative for the storage sedimentation task. 
Athar et al. (2005) further analyzed the data collected from literature along with their 
observed data collected in the laboratory, Athar et al. (2000), for the sediment 
removal efficiency of the vortex chamber type sediment extractors for a wide range of 
water abstraction ratio, sediment particle Reynolds number, aspect ratio and a new 
parameter in the form of hp jd^. Here d^ is the diameter of underflow outlet and h^ 
is the average depth of flow measured at the periphery of the chamber. A new 
relationship was proposed by them, which may be written as 
rio = 0.40 ( a /a )°" (hpldj'\ {co^d,Jvr' (D, /d^ (2.25) 
Q^ is the discharge through imderflow outlet, Q, is the discharge in inlet channel, co^ 
is fall velocity of sediment particle, d^^ is the median size of the sediment, D^ and is 
the diameter of the vortex chamber. 
The computed values of efficiencies were compared with observed values and it was 
found that almost all data fall within ± 40% tolerance limit. The newly developed 
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equation for sediment removal efficiency was also compared with already existing 
relationships to check its compactness. 
Keshavarzi and Gheisi (2006) conducted experimental studies on vortex chamber to 
improve trap efficiency for fine particles. To feed sediment particles at a constant rate, 
a new sediment feeder was designed based on the sand-clock idea. The new sediment 
feeder discharges the sediment particles into the flow with a completely steady rate. 
The sediment feeding rate was selected with a constant rate of 70.5g/s. The sediment 
size was also selected to be between 0.074 and 0.30 mm. To collect the sediment 
particles from the flushing orifice and overflow weir during the experimental tests, the 
excluded sediments were trapped in two fabric bags and weighed accurately after 
drying. The model was tested for clockwise flow condition. It was found that the trap 
efficiency of the vortex settling chamber was about 60% for the particle size used in 
this study. 
To understand the flow structure inside the model with clear water flow, the velocity 
of the flow in three components was measured using ADV. It was found that a 
deflector should be placed upon the inlet jet. The model was tested with the deflector 
in the anticlockwise direction. It was found that the central air core was diverted from 
its proper position and the trap efficiency decreased. To stabilize the central air core 
above the cenfral orifice another test was performed with the deflector in the 
clockwise direction. It was found that the trap efficiency of the vortex settling basin 
increased to 68% for the above particle size. 
2.5 SEDIMENT REMOVAL EFFICIENCY OF VORTEX 
SETTLING BASIN 
Sediment removal efficiency, ;/„ of vortex settling basin is defined as; 
(Weight of the sediment flushed out through underflow orifice) + 
(Weight of the sediment settled in vortex basin) 
Tio _ — (2.26) 
Total weight of the sediment fed in the vortex basin 
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Main advantage of the vortex settling basin is said to be that they have high values of 
r]g, for less flushing discharge and smaller dimensions as compared to the 
conventional settling basins. Various investigators such as Curi et al. (1975), 
Mashauri (1986), IPRI (1988), Esen (1989), and Paul et al. (1991) have measured the 
7o values for vortex settling basin in the laboratories and in prototypes. Systematic 
studies of independent parameters on which 7„ depend are mainly presented in 
Curi et al. (1975), Mashauri (1986), Paul et al. (1991) and Athar et al. (2000, 2002, 
2005). Relationships for rjo developed by these investigators are presented in Table 
2.1. A close study of these relationships reveals that these are only applicable to the 
types of geometric configurations of the vortex settling basins for which they were 
developed. Also these relationships are not yet validated by using such data that 
include wide ranges of hydraulic and geometric variables. 
2.5.1 Artificial Neural Networks (ANN) 
Neural networks are composed of simple elements operating in parallel. These 
elements are inspired by biological nervous systems. As in nature, the network 
fimction is determined largely by the connections between elements. A neural 
network may be trained to perform a particular function by adjusting the values of the 
connections (weights) between elements. Commonly neural networks are adjusted, or 
trained, so that a particular input leads to a specific target output. The network is 
adjusted, based on a comparison of the output and the target, until the network output 
matches the target (Fig.2.23). 
Typically many such input/target pairs are used, in this supervised learning, to train a 
network. Batch training of a network proceeds by making weights and bias changes 
based on an entire set (batch) of input vectors. Incremental training changes the 
weights and biases of a network as needed after presentation of each individual input 
vector. Incremental training is sometimes called to as "online" or "adaptive" training. 
Neural networks have been trained to perform complex functions in various fields of 
application including pattern recognition, identification, classification, speech, vision 
and control systems. 
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Today neural networks can be trained to solve problems that are difficult for 
conventional computers or human beings. The supervised training methods are 
commonly used, but other networks can be obtained from unsupervised training 
techniques or from direct design methods. Unsupervised training can be, for instance, 
to identify groups of data. Certain kinds of linear networks and Hopfield networks are 
designed directly. In sunmiary, there are varieties of kinds of design learning 
techniques that enrich the choices that user a can make. The field of neural networks 
has a history of some five decades but has found solid application only in the past 
fifteen years, and the field is still developing rapidly. Thus, it is distinctly different 
from the field of control systems or optimization where the terminology, basic 
mathematics, and design procedures have been firmly established and applied for 
many years. In present work neural network has been employed for the estimation of 
sediment removal efficiency of the vortex settling basin. 
2.5.1.1 Principle of Artificial Neural Network (ANN) 
Artificial neural networks are computational networks that attempt to simulate the 
networks of nerve cells of the human or animal central nervous system. They are 
collections of simple, highly cormected processing elements that respond (or "learn") 
according to sets of inputs. As such they are capable of realizing a greater variety of 
nonlinear relationships of considerable complexity between input and output data sets. 
The brain is composed of 100 different kinds of special cells called neurons. The 
number of neurons in the brain is estimated to range from 50 billion to 100 billion. 
These neurons are divided into interconnected groups called networks and provide 
specialized frmctions. Each group contains several thousand neurons that are highly 
interconnected with each other. Thus the brain can be viewed as a collection of 
networks. ANN is a model that emulates neural network of the biological brain. It is 
composed of basic units called neurons that are the processing elements in a network. 
Each neuron receives input data, processes it, and delivers a single output (Fig.2.24). 
The input can be raw data or output of other processing elements. The output can be 
the final product or it can be an input to another neuron. An ANN is composed of a 
collection of interconnected neurons that are often grouped in layers. The two basic 
layered architectures are (a) two layers: input and output and (b) three layers: input. 
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intermediate (called hidden) and output. The input layer receives data from the 
outside world and sends signals to the subsequent layers. The outside layer interprets 
signals from the previous layer to produce a result that is transmitted to the outside 
world as the network's understanding of the input data. 
Each input corresponds to a single attribute of a pattern or other data in the external 
world. The network can be designed to accept sets of input values that are either 
binary-valued or continuously valued. The output of the network is the solution to the 
particular problem. The initial output is usually incorrect thus the network has to be 
trained imtil it gives the proper output. The output data is usually rescaled by the so-
called connection weights, one for each wire coming to a neuron from another one. 
Thus if the /-th neuron receives a single input from they-th, and the connection weight 
for this wire from neuron y to / neuron has the value coij then the activity received by 
the /-th neuron will the amount £U,y, The total activity received by the /-th neuron will 
be 
4 = I « , " , (2.27) 
Where u^ is the activity ofy-th neuron, being unity if they-th neuron is active and zero 
if inactive. The j-th neuron responds with a signal output which depends on the value 
of its activity at that time. The weights represent the relative strengths of the various 
connections that transfer data from layer to layer. The objective in training a neural 
network is to find a set of weights that will correctly interpret all the sets of input 
values that are of interest for a particular problem. 
In normal regression methods, the analysis begins with the prior choice of a 
relationship (usually linear) between the output and input variables. A neural network 
is capable of realizing a greater variety of non-linear relationship, of considerable 
complexity. The data are presented to the network in the form of input and output 
parameters, and the optimum non-linear relationship is found by minimizing a 
penalized likelihood. In fact, the network tests many kinds of relationship in its search 
for an optimum fit. As in regression analysis, the results then consists of a 
specification of the ftmction, which in combination with a series of coefficients 
(called weights), relates the inputs to the outputs. The search for the optimum 
representation can be computer intensive, but once the process is completed (that is, 
the network has been trained), the estimation of outputs is very rapid. 
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Bayesian framework for networks allows quantitative assessment of the relative 
probabilities of models of different complexity, and quantitative errors can be applied 
to the prediction of the models. This work has been applied to the complex problem of 
predicting the removal efficiency of the vortex settling basin. 
Figure 2.23 shows the structure of the neural network used in our model. A data set 
(xi, X2 ) is first fed directly to the network through the input layer and, subsequently, 
the Bayesian neural network produces an expected result (y) in the output layer. The 
output (y) is determined by the architecture of the network. 
Two neuron models namely, tansig and purelin have been used in the architecture of 
the network with the back-propagation algorithm. In the back-propagation algorithm, 
the feed-forward (FFBP) and cascade forward (CFBP) type network was considered. 
Each input is weighted with an appropriate weight and the sum of the weighted inputs 
and the bias forms the input to the transfer function. The neurons employed the use of 
the following differentiable transfer function to generate their output: 
Tan-Sigmoid Transfer Function: 
^ . = / ( E ' » . - , + ^ J = — i l ^ ^ - ' (2.28) 
Linear Transfer Function: 
yj =/[ Z^.^' +<!>; hZ^y^. +^j (2-29) 
The weight, co and biases, ^ of these equations are determined in such a way as to 
minimize the energy function. The Tan-Sigmoid transfer function and linear transfer 
function generate output between -1 to 1. Further, in order to see if advanced training 
schemes provide better learning than the basic back propagation, a radial basis 
function (RBF) network was also used which though requires more neurons but it is 
sometimes more efficient. The Radial basis transfer function is given by: 
>'.=/[2:iK---lk)=^"^"'""^'*'^ (2.30) 
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2.5.1.2 Training of Neural Network 
Both the input and output variable, are some times first normalized within the range 
of 0 to 1 as fallows: 
x-x 
XN = (2.31) 
X — X 
max •^imn 
Where Xfj is the normalized value ofx'; x^ and x^„ are the maximum and 
minimum values of variablejc. This normalization is not essential to the neural 
network approach, but allows the network to be trained better. 
Using the normalized input and output, the coefficients (weights) co and bias ^ are 
determined in such a way as to minimize the following energy function. 
F M = ^£^+X^C^.(C) (2-32) 
c 
The minimization was implemented using a variable metric optimizer. The gradient of 
F{O}) was computed using a back-propagation algorithm. The energy function 
consists of the error function, E,, and regularization, E^. The error function is the 
sum-squared error as fallows 
EM = ^ Tiyi^^-^^)-f"J (2.33) 
Where {r",/'"} is the delta set,x" represents the inputs, /"" represents the targets, and 
m is a label of the pair. The error function E^ is the smallest when the model fits the 
data well, that is when yyx^ico] is close to /". The coefficients CD and ^ shown in 
Eqs. (2.8) and (2.29), make up the parameter vectors. A number of regularizers 
E^^^) are added to the data error. These regularizers favour fiinctions y{x;Q)), which 
are smooth functions ofx. The simplest regularization method uses a single 
regularizer E^ =-^0)^ .A slightly more complicated regularization method, known 
as the automatic relevance determination model (Mackay, 1992 b), is used in this 
study. Each weight is assigned to a class c, depending on which neurons it connects. 
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For each input, all the weights connecting that input to the hidden nodes are in a 
single class. The biases of the nodes are in another class, and all the weights from the 
hidden nodes to the outputs are in a final class. E^^^^ is defined as the sum of the 
squares of the weights in class c (MacKay, 1992 a) as fallows: 
%)W = iZ«- (2.34) 
This additional term favours small values of a and decreases the tendency of a model 
to over-fit noise in the data set. The control parameters Zc ^<^ ^ ' together with the 
number of hidden nodes, determine the complexity of the model. These hyper-
parameters define the assumed Gaussian noise level //J = \/S and the assumed 
weight variances, //^ (^ j = 1//^ .The noise level inferred by the model is/i,,. The 
parameter x has the effect of encouraging the weights to decay. Therefore, a high 
value of ^^ implies that the particular input parameter explains a relatively large 
amount of the variation in the output. Thus, //^ is regarded as a good expression of the 
significance of each input though not of the sensitivity of the output to that input. The 
values of the hyper-parameters are inferred from the data using the Bayesian methods 
given in MacKay (1992 a). In this method, the hyper-parameters are initialized to 
values chosen by the operator and the weights were set to small initial values. The 
objective function F{(O) was minimized to a chosen tolerance and the values of the 
hyper-parameters are then updated using a Bayesian approximation given in MacKay 
(1992 a). The F{(i)) function was minimized again, starting from the final state of the 
previous optimization, and the hyper-parameters are updated again. 
2.6 CONCLUDING REMARKS 
Review of literature has revealed that the settling basins and other conventional type 
sediment extractors require large dimensions for achieving high sediment removal 
efficiencies and therefore become costly. Enough space is generally not available at 
the site for their construction. Vortex settling basin is therefore suitable alternative to 
conventional extractors due to its smaller dimensions, high efficiency and smaller 
water abstraction ratio. Further, the following concluding remarks are made on the 
basis of review of literature discussed above. 
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2.6.1 Geometric Configurations 
Various types of geometric configurations of vortex settling basin been investigated in 
the past. Following observations are made based on these studies. 
(i) Vortex settling basins invariably have circular cylindrical chamber. The inlet 
channel tangentiaily joins the vortex basin, while sediment laden flow is 
extracted from the basin through an underflow outlet provided at the centre of 
the basin at its bottom. 
(ii) The outlet channel can also be tangential to the vortex basin. However, 
spilling over or weir provided along the periphery type of outlet is also 
provided. 
(iii) Floor of the vortex settling basin is provided a slope of 1:10 or smaller 
towards the centre even though a steeper slope is preferable. 
(iv) Vanes or flow deflectors can be provided within the vortex basin for 
separating the sediment-laden inflow from the relatively clear water outflow. 
Use of vanes resulted in an increase in the sediment removal efficiency of the 
vortex basins. However, providing of vanes within the basin would cause large 
afflux, necessitating larger dimensions for the vortex settling basin. 
(v) The outlet orifice diameter is not found to have significant effect on the 
sediment removal efficiency. 
(vi) No detailed study is so for available on effect of diameter ratio {Dj I du) and 
wddth ratio (Dj^ /B) on sediment removal efficiency of the vortex settling 
basin. 
(vii) No general relationships/methods are available at present for determination of 
the efficiency of sediment removal by vortex settling basin of varying 
geometrical configurations. 
2.6.2 Velocity and Sediment Concentration Distribution in the 
Vortex Basin 
Elaborate studies have been made on velocity variations in the vortex basin of pipe 
intakes by Odgaard (1986), Hite and Mih (1994) and others. Likewise elaborate 
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studies are also made on this aspect in a Rankine vortex basin by Julien (1985 b) and 
Vatistas (1988, 1989). Mainly the variation of tangential and radial velocities has been 
investigated in the above studies. It is concluded that the flow pattern in vortex basins 
very well compares with that in the combined vortex system. However, the flow 
pattern is greatly affected by the inlet and the outlet conditions. Variation of the 
velocity components in the vortex basin is studied by Curi et al. (1975), Mashauri 
(1986), Zhou et al. (1989) and Paul et al. (1991), Athar et al. (2000, 2003), Zhou et al. 
(2001), David (2002) and Gheisi and Keshavarzi (2006)). However, no detailed study 
is so for available on variation of radial, tangential and vertical velocity distributions 
in vortex settling basin for wide range of flow parameters 'i.Q-Qi,QjQi, z/Rj- etc. 
Tangential and radial velocities are found to remain non uniform over most part of the 
flow depth in vortex basin, and vertical component of velocity is significant in whole 
vortex settling basin and not only near the centre. Detailed investigations are therefore 
necessary for studies on the variation of velocity components in tangential, radial and 
vertical directions within the vortex basin for wide range of Q,,Q^lQ, and zjRj. 
Distribution of the sediment concentration in the Rankine vortex system is studied by 
Julien (1986), Vatistas (1989) and Athar et al. (2000, 2007). Relationships for 
sediment concentration distribution are derived by them under the assumption of 
combined vortex flow. No detailed investigation is however, available on study of 
suspended sediment concentration in vortex settling basin by considering tangential, 
radial and vertical velocity components. Thus there is a need to collect such 
information for evolving more efficient vortex basin. 
2.63 Sediment Removal Efficiency 
Vortex settling basins are found to have high value of sediment removal efficiency 
using relatively smaller flushing discharge and smaller dimensions. The pertinent 
non-dimensional variables found to significantly affect the efficiency are indicated in 
the Table 2.1. However, there is a need to verify these relations and modify them if 
necessary by using data that have wider range of geometric and hydraulic variables. 
No attempt has so far been made to predict the sediment removal efficiency of vortex 
settling basin by using ANN technique. Thus, there is a need to apply this technique 
to predict removal efficiency in order to see if better predictions are possible. 
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Chapter - 3 
DIMENSIONAL ANALYSIS AND 
MODEL FORMULATION 
3.1 INTRODUCTION 
The literature pertaining to mechanics of flow in the vortex settling basin and the 
sediment removal efficiency of vortex settling basin is presented in Chapter-2. It was 
observed that complex flow conditions occur in the vortex settling basin particularly 
near the inlets and the outlets. This aspect is carefully studied in the present thesis. No 
theoretical analysis is so for available on variation of sediment concentration in vortex 
settling basin in which all the three velocities in mutually perpendicular directions 
have been considered. 
Therefore, the sediment diffusion equation is solved numerically to obtain the 
variation of sediment concentration in basin considering tangential radial and vertical 
velocity components. 
No information is available regarding the effect of width ratio and diameter ratio on 
sediment removal efficiency of vortex settling basin. Also the available relations for 
sediment removal efficiency of vortex settling basin are tested and / or modified using 
the laboratory and field data having wide range of hydraulic geometrical variables. 
Artificial Neural Network (ANN) technique is also applied for prediction of sediment 
removal efficiency of vortex settling basin using laboratory and field data, which were 
earlier, used in developing new relationship for sediment removal efficiency of the 
vortex settling basin. Details for the mathematical formulations for these are presented 
in this chapter. 
3.2 VELOCITY DISTRIBUTIONS IN THE VORTEX 
SETTLING BASIN 
Information on the velocity components is required while making the computations 
for the distribution of suspended sediment concentration within the vortex settling 
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basin. As seen in Chapter-2, the expressions for velocity distribution in vortex basins 
have been derived by assuming axi-symmetric flows and by approximating the 
turbulence by mixing length model. Indeed, it is not easy to model turbulence even in 
simplest of the flow conditions whereas the vortex flow that occurs in the vortex 
settling basin is quite complex. Keeping these points in mind it is decided to 
experimentally measure the velocity distributions in the vortex settling basin studied 
herein by making use of the three dimensional PEMS velocity meter. Details of the 
experiments conducted on observation of velocity components in the vortex settling 
basin are given in Chapter-4. The following conclusions are derived regarding 
distribution of velocity components from analysis of the experimental data. 
(i) The radial, tangential and the vertical velocity components can be considered 
to remain uniform over the flow depth in the vortex chamber. 
(ii) The vortex settling basin can be sub-divided into different sub-zones for the 
purpose to study the uniformity in flow mechanics inside the basin. The 
categorisation of uniform nature of flow inside the basin may further be used 
in formulation of simple equations for velocity distributions along radial, 
tangential and vertical directions. 
Following functional relationships are assumed to hold good for the radial, tangential 
and the vertical velocity components. 
V. = f,[VnRr,r,e,z,Z,,h^,Q^,Q,) (3.1a) 
^e =f2{K^^Tr,0,z,Z„hp,Q^,Q^) (3.1b) 
V. = / , ( ^ ^ „ / ^ r ^ ^ , z , 2 „ / I ^ , e „ , ^ , ) (3.1c) 
Here v ,^ Vg and v^  are the radial, tangential and vertical velocity components, Rj, is 
the radius of the vortex basin, r is the radial distance, z is the vertical distance, Z;, is 
the difference between bed of vortex chamber and overflow outlet channel, /i is the 
head at the periphery of the tank, g„ is the underflow discharge and Q^ is the 
discharge in the inlet channel. Using Bukingham's n theorem, the above functional 
relations are written in non-dimensional form as below: 
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V^=f,[R,d,7JR„ZJh^,QJQ,) (3.1 d) 
V,=fXR,e,7JR„ZJh^,QJQ,) (3.1 e) 
V^=f,[R,e,7jR^,Zjh^,QJQ,) (3.10 
Here Vr, Vg and Vz are the non-dimensional tangential radial and vertical velocities 
along r, 6 andz directions and K is non-dimensional radial distance. 
3.3 NUMERICAL SCHEME FOR SOLUTION OF GOVERNING 
EQUATION FOR SEDIMENT CONCENTRATION 
The equation governing the variation of sediment mass concentration in the vortex 
settling basin is presented in chapter-I as Eq. (1.1). The analytical solution of Eq. (1.1) 
is available only for simplified situations and these are not valid in the case of vortex 
settling basin in actual practice. Numerical solution is therefore attempted by using the 
unconditionally stable Crank-Nicholson implicit finite difference scheme. 
3.3.1 Non-DimensioDal Form of the Governing Equation 
The governing equation for variation of sediment mass concentration viz. Eq. (1.1) is a 
parabolic partial differential equation. The order of magnitude of various terms 
appearing in Eq. (1.1) could be largely different in problems involving real data. 
However it is considered that the order of magnitude of various terms in non-
dimensional form of the equation will not vary much ft-om each other. The non-
dimensional variables are defined below; 
V "" 
r 
V "' 
'' ^f^L^ 
Z 
s. 
^fi~ D2 ' 
u> ""^ V "'• 
cOfRL' ' ^ cOfR^ 
(OfR^ 
Here R^ is the characteristic length which is taken as equal to the radius of the vortex 
basin and (o^ is the reciprocal of characteristic time (also called characteristic 
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frequency) and it is defined as Qj {A^RL)- Where g, is the inlet discharge, and A, is 
the cross-sectional area of the inlet channel. The term cOfRi^ is equivalent to V^ 
.Substituting the values of variables from Eq. (3.2) into Eq. (1.1) and after 
simplification we can get the following equation. 
Sz ; 
+ 
dC 
dR R 
V„ + 
- + 
V 
'Jz 
dR 
Sn d C dC 
+ - ^ ^ + dd R^ de'^ 
>-yz + 
'R,^ ds -, 
+ c — 
SVj. 1 dV, 9 
R dR R d9 
R, 
dz 
KKJ 
dV. 
ffZ = 0 
• + 
dec 
R R^de + 
'h'' 
\^pj 
(3.3) 
Solution of Eq. (3.3) will yield the non-dimensional values of the imknowns involved 
i.e. the sediment concentration values at the computational grid points. These are 
multiplied by the scaling parameters to obtain the results in dimensional form. 
3.3.2 Finite Difference Scheme 
A centred finite difference scheme is used for first order partial derivatives and the 
scheme of Crank-Nicholson is used for second order partial derivatives. HereM, 
A^ and AZ are the computational grid sizes in r, 6 and z directions respectively. 
The solution grid adopted in r-9 -zco-ordinate system is shown in Fig. 3.1. Using 
this finite difference technique, each term of Eq. (3.3) is converted into the equivalent 
finite difference form to get second order accuracy as shown below. 
dC 
dR 
1 
^R «{Q+i,y+i,* - Qj+i,/t} + (1 - «){Q+IJ,* - Qj,*}] +O(A/? ) (3.4a) 
d^C 1 
dR^ ts^ «|<^+lj+l,A -'^,i+\,k +<^-lj+uj+(^~")|^+i,;,/t ~^",M + ^ - U * | 
+0 (A .^ ) (3.4 b) 
dC 1 
dB b,9 « {Q+I,M+I - Q+I,MK(I - «) {Q,M+I - Q,M}1 ^ °^ ^^^ (^ -^  '^ ^ 
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d^C 1 
«(Q+ij.fc+i -2c;+y,;t +c;+ij,it-i)+(i-«){Qj,it+i -2c;j,A +Qj,*-i) 
+ O(A^2J (3.4 d) 
I I = ^ [«{C,>,,,>,,, -C,.,,,,,}+(1-«){C,,>,.* -C,,,,,}] + 0(AZ) (3.4 e) 
"TZT "^  T^['^l^+U+i,>t ~2<^ +i,y.* +<^+i,>-uj +('-<^) i<^ -,7+u ~2C:;j,A ••'^v-u) "^  
O(AZ2) (3.4 0 
In the above a is the weighting factor and the temisO(A/?),0(A^) and (9(AZ) 
represent the order of local truncation errors. Hence, under the assumption that A/?, 
biG and AZ -> 0, the difference and differential equations become equivalent. The 
subscript i,i,k denote the position of computational nodes in r,6 andz directions 
respectively with / and k = 1 occurring at the inflow section as shown in Fig. 3.1 and 
i =1 at bottom of the basin. Substituting the values of these differential equivalents in 
Eq. (3.3) to get second order accuracy, the resulting equation is written for all the 
computational nodes of the finite difference grid. Nevertheless, it can not be solved by 
itself, as the number of unknowns it contains is larger than the number of equations. 
The unknowns at various computational nodes are determined using the boundary 
conditions described as below. 
3.3.3 Boundary Conditions 
The boundary conditions are required to obtain the solution of numerical model 
discussed above. Following boundary conditions are made use of 
(i) Inlet Conditions 
hilet concentration of suspended sediment C, ^ , is considered to be known. Here j 
varies from 1 to n^ with w^  being the total number of computational nodes in 
z - direction. 
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( \c(j . Ni^. \ -(ii) Condition at Water Surface 
Since sediment flux cannot cross the top siufece^,pf water ^heh^ 
V hp J 
dC 
dZ 
+ <y C = 0 
In terms of finite difference, the same equation is expressed as under 
^ c -c ^ 
7.,,,,k 
- I . * 
^z 
Sinceat water surface/ = «y, therefore 
(iii) Bottom Condition 
The bottom boundary condition is written as below: 
'R.' 
\^p J oZ 
+ 0) C - d„- e„ 
(3.5) 
(3.6) 
(3.7) 
(3.8) 
Here d^ and ^Q represent non-dimensional deposition and entrainment respectively. 
These are considered to be zero at the bottom of the vortex settling basin. However at 
the centre of the basin where an orifice exists d^ is considered to be equal XoV^C, 
where Eq. (3.6) can further be written as: 
^R,^ 
\^p J 
dC (oC VzC 
dZ €2 Sz 
hi terms of finite difference the same equation is expressed as 
(3.9) 
R 
K^ p J 
^i,J,k 
- CO 
c, ij,k (3.10) 
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, , * , A Z 
R 
0) 
•' ; 
(3.11) 
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(iv) At Periphery 
The concentration gradient at the side wall of the vortex basin is zero 
Hence^/; — = 0 (3.2) 
In terms of finite difference 
AR (3.13) 
Hence, Q+\,j,k - ^i,j,k (3.14) 
However, on the computational node coinciding with entrance of the outlet 
e„ — = V„C (3.15) 
In terms of finite difference 
AR ~ s, 
•f^.^j^k 
Hence C^/+!,;,* - C ,^,y.* / V I.J.k 1 + —^•^^^R 
(3.16) 
(3.17) 
Subsequent to making use of the boundary conditions described above the number of 
unknowns remaining in the system of equation become equal to the number of 
unknowns. The coefficients of these equations when collected together result in the 
formation of an unsymmetrical banded matrix of coefficients. The general structure of 
this coefficient matrix is shown in Fig. 3.2. 
This system of equation can be re-written as below 
\CO\ [ C ] = \RO\ (3.18) 
Here CO is the square matrix of coefficients, the order of which is equal to the 
number of imknowns, C is the vector of unknovms and RO is the vector values of 
elements, which are known. The system of matrices represented by Eq. (3.18) can be 
solved by using Gauss-elimination method for computation of the unknowns i.e. 
sediment concentration values at various nodal points within the vortex basin. 
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Sediment removal efficiency of the vortex settling basin is computed by using 
Eq. (2.26). The amount of sediment incoming into the vortex settling basin was 
computed by integrating over the flow depth the product of observed sediment 
concentration and horizontal velocity profiles at the end of the inlet channel. The 
amount of the sediment extracted through the underflow orifice was computed by 
algebraically summing up the product of computed sediment concentration and 
velocity of the flow at different computational nodes on the inlet surface of the 
imderflow orifice. The amount of the sediment going out into the outflow charmel was 
computed by integrating over the flow depth the product of horizontal velocity and 
computed sediment concentration at various computational nodes at the inlet of the 
outflow channel. 
3.4 SEDIMENT DIFFUSION COEFFICIENTS 
Information on sediment diffusion coefficients is required while making the 
computations for the distribution of suspended concentration within the vortex. 
Review of literature suggests that the sediment diffusion coefficient is considered to 
be equal to the momentum transfer coefficient (Emad and McCorquodale 1983, 
Admas et al. 1990, Atkinson 1992, Demuren 1988, Nadim et al. 1992, Siping et al. 
1992, and Wang 1992). The turbulent diffusion coefficient e considered by many 
investigators (Emad and McCorquodale 1983, Admas 1990, Atkinson 1992, Demuren 
1988, Nadim et al. 1992, Siping and McCorquodale 1992, and Wang 1992) to be 
proportional to f/, h, here C/» is shear velocity of the flow and h is the flow depth. 
The variation of e over the depth of flow was accounted for by considering it to be 
proportional to (/, /r z I 1 - T I (Ismail, 1952). Here K is Karman's constant. Thus £ 
is foimd to significantly dependent onC/». Athar et al. (2000, 2003) considered that 
value of the velocity gradient along the direction of velocity itself would provide a 
good measure of the shear velocity in that particular direction. Hence following 
fimctional relationships are assumed for f>, % and s^ respectively. 
er = / ( ^ ] (3.19) 
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% = / (3.20) 
^ . - = / i d^. 
\ dz j (3.21) 
3.5 SEDIMENT REMOVAL EFFICIENCY 
The numerical scheme proposed earlier in Section 3.3 for computation of the variation 
of suspended sediment concentration in the vortex settling basin also produces the 
estimate of its sediment removal efficiency. 
In addition to the above, separate analysis is also performed in order to derive a 
working relationship / method for computation of the sediment removal efficiency of 
vortex settling basin using statistical regression analysis and Artificial Neural 
Network (ANN) approaches. 
3.5.1 Statistical Regression Model 
A scrutiny of the relations for distribution of velocity components in vortex settling 
basin and the numerical scheme mentioned above indicated that the removal 
efficiency of vortex settling basin is expressed by following functional relationship. 
7o = f{QnQu^2h^hp,D^,B,d^,d,^,o)^,v,g) (3.22) 
The variables of Eq. (3.22) can be easily arranged into the following non-dimensional 
form 
^o = f Q. 
\ f 7 ^ 
^ h 
B 
( D. \ 
^0^50 
V " « ; 
(3.23) 
Here [Qu/Qi) is the abstraction ratio, (Zf,/hp] represents the depth ratio 
ip) ^d ^Q /v) is the particle Reynolds number —^ is width ratio and 
\du J 
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represents the diameter ratio. Such a functional relationship can be used to develop an 
expression for the removal efficiency of the vortex settling basin. 
3.5.2 Artificial Neural Network Model 
Despite the availability of large number of models, the problem of sediment removal 
efficiency of vortex settling basin prediction has remained inconclusive. It is felt that 
this is partly due to the complexity of phenomenon involved and partly because of the 
limitations of the analytical tool commonly used, which is statistical regression, by 
most of the investigators including the above study. Conventional statistical analysis 
is now being replaced in many cases by the alternative approach of neural networks. 
Neural networks have advantages over statistical models like their data-driven nature, 
model-free form of predictions (Azmathullah, 2005) and tolerance to data errors. The 
objective of this study was to re-analyse the data considered in the above study by 
employing the technique of neural networks with a view towards seeing if better 
predictions are possible. 
The manner in which the data are presented for training is the most important aspect 
of the neural network method. Often this can be done in more than one way, the best 
configuration being determined by trial-and-error. It can also be beneficial to examine 
the input / output patterns or data sets that the network finds difficult to learn. This 
enables a comparison of the performance of the neural network model for these 
different combinations of data. In order to map the causal relationship related to the 
efficiency of vortex settling basin, two separate input-output schemes (called Model -
Ml and Model - M2) were employed, where as the first took the input of raw causal 
parameters while the second utilised their non-dimensional groupings. This was done 
in order to see if the use of the grouped variables produced better results? The 
Model - Ml thus takes the input in the form of causative factors namely, Q^, Q^, Zf^, 
hp, Dj^, B, d^, J50, 0)^, V, and g and yields the output, the efficiency of vortex 
settling basin, 7„, while Model - M2 employs the input of grouped dimensionless 
variables namely, — , —^  , —^, —^ and —2— and yields the output, the efficiency Q, hp B d^ V 
of vortex settling basin ;/„. 
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Thus the two models are: 
Model.Ml:/7„ = f(g,,Q„,Z„hp,Dj,B,d^,d,,,o)^,v,g) (3.24) 
Model-M2: 7o = / Q. Q, V P J B 
D. ^ 0 ^ 5 0 
V "« y 
(3.25) 
The input and output variables involved in the above two models were first 
normalised within the range of 0 to 1 as follows: 
XN=-
^ ^min 
X — X 
max nun 
Where, x^ is the normalised value of x, x,^ and ^^m^^ h^e maximum and 
minimum values of each variable. This normalisation allowed the network to be 
trained better. 
The current study used the data considered above for prediction of sediment removal 
efficiency of vortex settling basin. The training of the above two models was done 
using 80 % of the data selected randomly. Validation and testing for proposed model 
was made with the help of the remaining 20 % of observations, which were not 
involved in the derivation of the model. 
In the present work the usual feed forward type of network was considered. It was 
trained using both back propagation as well as cascade correlation algorithms with a 
view to ensure that proper training is imparted. Further, in order to see if advanced 
training schemes provide better learning than the basic back propagation, a radial 
basis function network was also used. Concepts involved behind these training 
schemes are outlined in Chapter 2. The resulting neural network models are called 
Feed Forward Back Propagation (FFBP), Cascade Forward Back Propagation (CFBP), 
and Radial Basis Function (RBF). 
In this study neural network models with single hidden layer were developed. The task 
of identifying the number of neurons in the input and output layer is normally simple, 
as is indicated by the input and output variables considered in the model of physical 
process. Where as, the appropriate number of hidden layer nodes for the models are 
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not known for which a trial and error method was used to find the best network 
configuration. The optimal architecture was determined by varying the number of 
hidden neurons. Optimal configuration was based upon minimising the difference 
between neural network predicted value and the desired output. In general, as the 
number of neurons in the layer is increased, the prediction capability of the network 
increases in beginning and then becomes stationary. 
The performance of all neural network model configurations was based on the 
Coefficient of determination of the linear regression line between the predicted values 
fi-om neural network model and the desired output (R^), Mean Absolute Percentage 
Error (MAPE), Root Mean Square Error (RMSE), Average Absolute Deviation 
(AAD), as follows: 
p 
_ . 
IsV''") (3.26) 
MAPEJ-^t<^^ (3.27) 
p 
' \2 
RMSE = \\^ (3 28) 
, , ^ 100^ o,- / , 
AAD = y J ^ (3.29) 
Where /, and o, are target and network output for the /"' output, / and o are the 
average of target and network output, and p is the total number of data considered. 
The training of the neural network models was stopped when either the acceptable 
level of error was achieved or when the number of iterations exceeded a prescribed 
maximum. The neural network model configuration that minimized the MAPE and 
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optimised the R^was selected as the optimum and whole analysis was repeated 
several times. 
Sensitivity tests were conducted to determine the relative significance of each of the 
independent parameters (input neurons) on the efficiency (output) in both of the 
models given by Eqs. (3.24) and (3.25). hi the sensitivity analysis, each input neuron 
was in turn eliminated fi-om the model and its influence on prediction of efficiency of 
vortex settling basin was evaluated in terms of the R ,^ MAPE, RMSE, and AAD 
criteria. The network architecture of the problem considered in the present sensitivity 
analysis consists of one hidden layer with twenty three neurons and the value of 
epochs has been taken as 1000 for Model - 1 and Model - 2, consists of one hidden 
layer with ten neurons and the value of epochs as 1000. 
3.6 CONCLUDING REMARKS 
The functional forms of relationships are hypothesized for distribution of tangential, 
radial and vertical velocity components with in the vortex settling basin. A finite 
difference implicit scheme is used for solution of the governing equation for variation 
of sediment mass concentration by considering tangential, radial and vertical velocity 
components. The ftmctional form of working relationship for sediment removal 
efficiency of the vortex settling basin is also proposed. The exact form of this 
relationship needs to be determined on the basis of the analysis of the data 
In addition to the above, separate analysis is also performed in order to derive a 
generalized model for computation of the sediment removal efficiency of the vortex 
settling basin using Artificial Neural Network (ANN) approach. Sensitivity analysis is 
also conducted on the two separate Model - Ml and Model - M2.The first model took 
the input of raw causal parameters while the second utilized their non-dimensional 
groupings. In the present work the neural network models namely feed-forward 
(FFBP), cascade-forward (CFBP) and Radial Basis Function (RBF) were used. 
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Chapter - 4 
EXPERIMENTAL PROGRAMME 
4.1 INTRODUCTION 
In view of the objectives set out for the present study, there is a need for collection of 
experimental data for studying: 
1. The distribution of velocities in radial, tangential and vertical directions in the 
vortex settling basin. 
2. The distribution of sediment concentration in the vortex settling basin. 
3. Effect of diameter ratio (i.e. diameter of basin to diameter of underflow outlet) 
on the sediment removal efficiency of the vortex settling basin. 
4. Effect of width ratio (i.e. diameter of basin to width of the inlet channel) on 
the sediment removal efficiency of the vortex settling basin. 
5. To develop a predictor for determination of efficiency of removal of sediments 
by vortex settling basin having various geometric configurations using 
available and newly collected data. 
6. To develop a model for prediction of sediment removal efficiency of the vortex 
settling basin based on Artificial Neural Network (ANN). 
Keeping these in view, it was decided to conduct laboratory experiments on the 
foregoing aspects on the vortex settling basin. Carefully controlled experiments were 
plarmed to study the velocity distribution, sediment concentration distribution, effect 
of diameter ratio (i.e. diameter of basin to diameter of underflow outlet) and effect of 
width ratio (i.e. diameter of basin to width of the inlet channel) on the sediment 
removal efficiency of the vortex settling basin. Uniform sand of varying sizes and 
relative density 2.65 to 2.70 was used as sediment. The experiments were conducted 
under steady flow conditions using different inlet discharges and water abstraction 
ratios. These experiments were conducted in the Advanced Hydraulics Laboratory of 
Civil Engineering Department, Aligarh Muslim University, Aligarh. In this chapter, 
description is given of the materials and equipment used and the experimental 
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proceedure adopted for the present investigation. Details are also given about data of 
some other investigations that are used in the present study. 
4.2 VORTEX SETTLING BASIN 
The vortex settling basin used for experimentation mainly consisted of the 
following: 
(i) Circular cylinder vortex chamber of the settling basin 
(ii) Inlet channel or flume 
(iii) Overflow outlet channel or flume 
(iv) Outlet orifice and flushing (under flow) conduit or pipe 
Vortex settling basin having different outlet orifice diameters, inlet chaimel widths 
and flow conditions were used. Details of vortex settling basin used are given in 
Fig. 4.1. 
Circular cylindrical vortex settling basin having internal diameter equal to 1.51 m was 
used. This value of diameter is chosen on the basis of space and discharge available in 
the laboratory and also considering the investigations of Sullivan (1972), Cecen and 
Bayazit (1975), Salakhov (1975), Chrysostomou (1983), Mashauri (1986), Paul et al. 
(1991) and Athar et al. (2000, 2002). The vortex settling basin was made of painted 
steel. The bottom of the basin was given a slope of 1:10 towards the centre to 
facilitate the sediment movement towards the outlet orifice at the centre. The overall 
height of the chamber was 0.60m. Circular railing was provided along the top of the 
vortex basin for supporting the equipment used in measurements. A sharp edged 
orifice with varying internal diameter was provided at the centre of the basin. The 
orifice was ftirther connected to an underflow outlet pipe for flushing out the sediment 
collected at the centre of the vortex basin. A gate valve was provided at the outlet end 
of this pipe to regulate the flow through it. 
The inlet charmel used was 7.7 m long 0.50 m deep and width was varying fi-om 0.06 
m to 0.31 m and had adjustable slope. The inlet channel bed was made-up of painted 
steel and walls were made of 6 mm thick perspex sheet. 
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The overflow outlet channel provided in the basin was 1.60 m long, 0.50 m deep and 
width was varying from 0.06m to 0.31 m and had adjustable longitudinal slope. The 
diameter of the underflow outlet orifice and width of the inlet channel were varied for 
studying its effect on sediment removal efficiency of the vortex settling basin. 
Circular steel pipes were used as the railing in the inlet and the overflow outlet 
channels and they were made parallel to the channel beds by adjusting the railing 
screws. 
In the vortex basin, both the inlet and outlet overflow channels were kept in an 
alignment following a straight line tangential to the vortex settling basin 
(Fig. 4.1(a) and 4.1(b)). The basin received water supply from a constant head water 
supply tank. A pre-calibrated bend meter was used to regulate the discharge into the 
inlet channel. Calibration curve for the bend meter is shown in Fig. 4.2. Three half 
brick size grill walls and a floating wooden wave suppresser were provided at the 
entrance of the inlet flume for braking large eddies and damping the disturbances at 
the free surface. The discharge of underflow pipe was measured by volumetric 
measurement. Outflow from the overflow outlet charmel was collected in a 
rectangular tank having sides and bottom made of the fine wire mesh. This tank had a 
hopper for collecting the flow and sediment at the downstream of the channel. 
Outflow of this tank joined a sump provided at the downstream most end. 
Outflow from the underflow-flushing pipe was collected in another rectangular tank at 
its end. Sides and bottom of this tank were also made-up of fine wire mesh. This tank 
also had a hopper for collecting the flow and sediments. Photographic views of the 
experimental setup, vortex settling basin and vortex flow in it are given in Figs. 4.3 
(a), 4.3 (b) and 4.3 (c) respectively. 
4.3 ACCESSORIES OF THE EXPERIMENTAL SET-UP 
4J.1 Three Dimensional Electromagnetic Liquid Velocity Meter 
A 3D programmable Electro-Magnetic Liquid Velocity Meter (PEMS) shown in 
Fig. 4.4, manufactured in the Delft Hydraulics Laboratory was used for measuring the 
velocity components of the flow in the vortex basin. This instrument consists of two 
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disc-type probe. The PEMS employs Faraday's induction law for measurement of 
velocity of a conductive liquid moving through the magnetic field. The magnetic field 
is introduced by a pulsed current through a small coil inside the body of the sensor. 
Two pairs of diametrically opposed platinum electrodes available on the discs of 
PEMS sense the Faraday induced voltages produced by the flow past the sensors. This 
enables the instrument to simultaneously measure the two velocity components of the 
flow in the directions perpendicular to each other and in the plane of the disc 
containing sensors (Fig. 4.5). 
For taking measurements, first PEMS probe is held in vertical position so that the pairs 
of platinum electrodes and the disc containing them occupy position in horizontal 
plane. The electrodes are rotated in the horizontal plane so that they produce velocity 
measurements in directions tangential and radial to the flow and the second PEMS 
probe is positioned vertically. For vertical measurements the probe should have a 
cranked to allow installation of the disc without immersing the electronics box on top 
the probe stem. The probe stem is cranked by 90 degrees and in such a way that the 
sensor plane is parallel to main (un-bent) stem. As a result the sensor can measure the 
vertical velocity component and one horizontal component while the main stem is 
installed vertically. Current can be measured in three dimensions by combination of 
two sensors i.e. one for the horizontal component (the disc is installed horizontally) 
and the other for the vertical component and one horizontal component, the latter is 
redundant. The 3D assembly of two sensors probe is shown in Fig.4.6. Mean values of 
the velocity components at 30 seconds interval were selected for use because values of 
the mean velocity were unchanged even for the larger time interval. Measurements 
taken by the instrument were displayed on its LCD - display panel where from they 
could be noted for further use. 
4.3.2 Sediment Used and Sediment Sampling 
Sand having relative density varying from 2.65 to 2.70 was used as sediment in 
present experimental work. Four sizes of uniform sand were used. These are 0.058 
mm, 0.106 nun, 0.355 mm, and 0.825 mm. The sand of each size was washed and 
dried before being used as sediment. A sediment-feeding device was used for feeding 
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the sediment into the flow of inlet channel. The sediment-feeding device consisted of 
a hollow circular cylinder of 2.5 cm diameter, split along its length (Fig. 4.7). The 
cylinder could be kept on the channel bottom and operated through a cable system 
from the top of the channel. The cable system would open out the cylinder along its 
length thereby the sediment contained in the cylinder would get emptied on to the bed 
of the flume. 
The sediment passing out through underflow outlet orifice and flushing pipe was 
collected in the sediment trap which consisted of a rectangular tank having its bottom 
and sides made up with fine wire mesh thus only allowing the water to pass through it. 
The bottom and sides of this tank were covered with finer cloth for trapping the finest 
sediment which had size equal to 0.058 mm. Sediment passing with the flow in 
overflow charmel was collected in another sand trapper which had similar 
construction as described above. Sediment samples were taken at pre-decided points 
in the flow occurring inside the vortex chamber for the purpose of determination of 
sediment concentration there. These samples were taken by withdrawing water-
sediment mixture through a tube from these locations in a direction tangential to the 
vortex flow and with a velocity that was equal to the tangential velocity of the vortex 
flow. The sample through this tube was pumped out by a 0.05 kW centrifugal pump. 
The procedure for measurement of components is described later. The withdrawal 
velocity of the sample was controlled with the help of an orifice meter fitted in the 
delivery line of the pump and flow through the pump was regulated by a valve fitted 
on the downstream side of the orifice meter (Fig. 4.8). The calibration curve for 
velocity through orifice meter is shown in Fig. 4.9. 
4.4 EXPERIMENTAL PROCEDURE 
4.4.1 Measurement of the Sediment Removal Efficiency 
Sediment removal efficiency of vortex settling basin used was measured by 
systematically varying the inlet discharge, underflow flushing discharge, sediment 
size, underflow outlet orifice diameter and the width of the channel. Tailgate provided 
at the end of overflow outlet charmel was operated to maintain subcritical flow in the 
entire system. Also it was operated alongwith the gate valve provided at the end of 
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underflow flushing pipe to extract the pre-determined abstraction ratio and hence the 
flushing discharge. Having established the desired flow condition, the total sediment 
transport capacity of the flow was determined by using Engelund-Hansen method 
(Garde and Ranga Raju, 2000) and the amount of sediment that would be transported 
by the flow in duration of 30 minutes was computed. This amount of sediment was 
fed into the flow in approach channel at a distance of 1.5 m upstream of the vortex 
chamber at a uniform rate over 30 minutes duration using the sand feeder described 
earlier. Appreciable deposition of sediment was not found to occur in the approach 
channel. The sediment flushed out through the under flow outlet pipe was collected in 
the trap at the end of the flushing pipe while the sediment passing with overflow 
outflow discharge was collected in the trap provided in downstream end of the 
outflow channel. The observation was continued for further 30 minutes and then 
stopped. The water drained out of the flume and the sediment trapped by the sediment 
traps at end of the flushing pipe and overflow channel was collected (see Fig. 4.10). 
Appreciable deposition of sediment was not found to occur within the vortex chamber 
also during the operation of the extractor. This means that all the sediment settled 
inside the chamber moved towards the outlet oriflce at its centre and then it was 
flushed out through the underflow pipe. The sediment collected in traps was dried and 
weighed and sediment removal efficiency was determined using Eq. (2.26). 
In all 92 runs were conducted for sediment removal efficiency of vortex settling basin 
by varying diameter of underflow outlet, whereas 24 runs were conducted for width 
study. The range of data collected in present study is given in Table 4.1 while the data 
collected for the sediment removal efficiency alongwith other hydraulic parameters 
are given in Appendix-1 (a). 
4.4.2 Measurement of Velocity Components of Flow in the 
Vortex Basin 
The equipment used for measurement of velocity components namely PEMS 
simultaneously measures the components of velocity in three mutually perpendicular 
directions at the point in the flow where its probes are fixed. The vortex basin was 
first divided into six circular segments. Next these were further subdivided into eight 
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angular segments as shown in Fig. 4.11. The 3D assembly of PEMS probes was fixed 
with specially designed vertical gauge and the whole assembly was mounted on the 
horizontal circular railing fixed over the vortex basin. The PEMS probes could be 
moved horizontally as well as vertically up and down. For measuring the velocity 
components, the PEMS moved to five different levels along the intersection points 
(i.e. nodal points) of the armular and the angular lines as shown in Fig. 4.11. 
Electrodes in the PEMS probes were so oriented that the PEMS measured the velocity 
components in radial, tangential and vertical directions at the pwint where it was fixed. 
The probes were also connected with the two PEMS main cassette that directly 
display the observations. Before starting actual observations, the probes of PEMS 
were kept in still water for about half an hour for zero setting of the instrument. 
Indication of zero reading for all the three components of the velocity on cassette 
display when probe is kept in still water ensures the zero setting of the instrument. 
Next, steady flow was established in the vortex settling basin by allowing known 
inflow and operating the tailgate and outlet valve for establishing known underflow-
flushing discharge. Radial, tangential and vertical velocities were measured next by 
fixing the PEMS probes at desired locations and orienting its probe in requisite 
directions. 
Detailed measurements on velocity components have beeen made on vortex settling 
basin. Data for velocities have been collected for two inflow discharges of 0.012m Vs 
and 0.020m /^s and for four values of water abstraction ratios viz. 0.0, 0.05, 0.10, 0.15 
and 0.20. However, the diameter ratio was selected as 9.91 and width of the inlet 
channel was kept as 31 cm. During each of these flows, the velocity components were 
observed at all nodal points within the vortex basin. The observed data on variation of 
radial, tangential and vertical velocities in the flow of vortex settling basin is listed in 
Appendix -I (b). 
4.4.3 Measurement of Sediment Concentration in the Vortex 
Basin 
The steady flow in the vortex settling basin was first established as described earlier 
for given inflow discharge and abstraction ratio. Sediment load as per the Engelund-
69 
Hansen transport capacity was fed into the inflow using the sand feeder as discussed 
before. After about 15 minutes of feeding the sediment into the inflow, the 
observations were taken for sediment concentration of the flow in vortex basin. 
Following procedure was adopted for the same. 
Separate samples of sediment-laden water were withdrawn from the vortex basin from 
those locations where the radial, tangential and vertical velocities were measured. 
Care was taken to withdraw the sample from given location in tangential direction at a 
velocity, which was equal to the measured tangential velocity there. Pre-calibrated 
orifice-meter and centrifiigal pump were provided on delivery pipe and these were 
carefully operated for this purpose. 
Sediment feeding into the inflow was continued while samples were being taken for 
measurement of sediment concentration. For a given sample the sediment-laden flow 
was collected through a rubber tube in a collector. The collected sample from the 
collector was filtered through a thick filter paper. The filtered material was dried in 
the oven and was weighed on a chemical balance and concentration in parts per 
million (ppm) for each sample was determined. Variation of sediment concentration 
in vortex basin was observed by taking the samples as mentioned above at all those 
locations where velocity components were measured for inflow discharge of 
0.012m /^s. The water abstraction ratio was maintained at 10 per cent, as on this 
abstraction ratio the sediment removal efficiency for the model was the maximum. 
The diameter ratio and width ratio were kept as 9.91 and 4.87 respectively as on these 
ratios the sediment removal efficiency of the model was the maximum. 
The data observed on variation of sediment concentration in the vortex settling basin 
are listed in Appendix-I (c). 
4.5 DESCRIPTION OF DATA COLLECTED FROM LITERATURE 
Data on the sediment removal efficiency of different types of vortex settling basins 
available in literature were also tabulated and used in the present study. These data 
were collected from the laboratory experiments by Curi et al. (1975), Mashauri 
(1986), and Esen (1989), Paul (1991) and Athar et al. (2000). Range of the laboratory 
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data collected from literature is given in Table 4.2. Also the field data on sediment 
removal efficiency of vortex settling basin observed through the studies of Mashauri 
(1986), IPRI (1988) and Paul et al. (1991) were tabulated and used in the present 
studies. Range of the field data collected is given in Table 4.3. The non-dimensional 
parameters used in present investigation were calculated using laboratory and field 
data from literature and tabulated in Table 4.4. 
TABLE 4.1 RANGE OF DATA COLLECTED IN PRESENT INVESTIGATION 
S. No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
16. 
17. 
Parameter 
Inlet Discharge 
Underflow Discharge 
Water Abstraction Ratio 
Diameter of Vortex Basin 
Diameter of the Under 
Flow Outlet 
Width of Inlet Channel 
Inlet Flow Depth 
Flow Depth at Periphery 
Difference between the 
Bed Levels of Vortex 
Basin and Overflow 
Channel 
Sediment Concentration 
by Weight 
Sediment Size 
Sediment Removal 
Efficiency 
Depth Ratio 
Particle Reynolds Number 
Diameter Ratio 
Width Ratio 
Unit 
m^/s 
m^/s 
per cent 
m 
m 
m 
m 
m 
m 
ppm 
mm 
per cent 
-
-
-
-
Symbol 
Q, 
Qu 
Qu/Q. 
Dj 
d. 
B 
hi 
K 
Zh 
c 
^50 
Vo 
Zh'hp 
^yo^^so/*^ 
D,ld, 
D^/B 
Range 
8*10'^  -20*10"^ 
0.6* 10-'-4*10"^ 
0.0 - 20.0 
1.51 
0.0389-0.152 
0.06-0.31 
0.092-0.13 
0.18-0.22 
0.122 
940.0-1798.0 
0.058 - 0.825 
21 -89 
0.558 - 0.684 
0.175-100.77 
9.91 -38.76 
4.87-25.17 
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Chapter - 5 
ANALYSIS OF DATA, RESULTS AND 
DISCUSSION 
5.1 INTRODUCTION 
The detailed analysis of data and results obtained there from are presented in this 
chapter. In addition to the data collected in the present investigation, laboratory and 
field data collected by the other investigators have also been used. The tangential, 
radial and vertical velocities are measured in the vortex settling basin. The proposed 
numerical scheme for solution of the governing equation for variation of suspended 
load in vortex basin is used for computing the sediment concentration by considering 
the three dimensional flow consisting of tangential, radial and vertical velocity 
components in the basin. The effect of diameter ratio, Djjd^ and width ratio, D^ jB 
on sediment removal efficiency of the vortex settling basin is also studied. A new 
relationship is derived for determination of sediment removal efficiency of the vortex 
settling basin having varying geometric configurations. A generalized model for 
prediction of removal efficiency of the vortex settling basin using neural network has 
also been developed. Details of these are presented in this chapter. 
5.2 VELOCITY DISTRIBUTIONS 
When flowing water enters tangentially into the vortex settling basin, which has an 
orifice outlet at its center, the circulatory motion around the vertical axis in the center 
of the basin is developed. The flow in the vortex settling basin is typical three 
dimensional flow consisting of tangential, radial and vertical velocity components. 
The tangential velocity maintains the vortex strength of the settling basin, the radial 
velocity transports the sediment towards the orifice outlet and vertical velocity is 
usefiil to the sediment sinking. 
Velocity components in the tangential, radial and vertical directions at a number of 
nodal points (Fig. 4.11) within the vortex settling basin were measured simultaneously 
using three dimensional electromagnetic liquid velocity meter. Non-dimensional 
velocity components i.e. vg/Vj, vjV^ and v,/F, for different z values were plotted 
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against r/Rj along each of the basin diameters marked in Fig. 5.1 for all the runs. 
Few of these plots are depicted here for the purpose of illustration (Figs. 5.2 to 5.13). 
A close study of these and other such plots (not shown here) revealed that the 
distribution of tangential velocity along the diameter 3-7 of the vortex settling basin 
compared well with that of the Rankine vortex (see Fig.5.4). It may be noted that inlet 
and outlet flow conditions have little effect on flow across the diameter 3-7.However, 
flow pattern in those segments of the vortex basin which are affected due to inlet and 
outlet flow conditions did not compare well with Rankine vortex flow as shown in 
Fig. 5.2, Fig.5.3 and Fig. 5.5 for illustration and in many other such figures (not 
shown here). 
Figures 5.6 to 5.9 illustrate the variation of radial velocity along each diameters of the 
vortex basin. These and many such other figures (not shown here) reveal the 
occurrence of negative velocity i.e. radial flow occurring outwards from the centre of 
the vortex basin in a region near to the orifice outlet (0.042 < rjRj < 0.60). However, 
as expected, the radial velocity is positive in major portion of the vortex basin due to 
the occurrence of outflow fi-om the orifice at the centre of the basin. The radial 
velocity is maximum near the bed in major portion of the outer region 
(0.60<r/i?y.<1.0). 
Figures 5.10 to 5.13 show the variation of vertical velocity along each diameters of the 
vortex settling basin. These and similar other figures (not shown here) reveal that the 
vertical component of the velocity attains maximum value near the orifice outlet at the 
centre of the basin. 
Further in order to see if there is any variation of velocity components in vertical 
direction, the variation of Vg/Vj, vjV^ and vJV^ with non-dimensional depth 
parameter z/Rj- was plotted. Few of these plots are showii here for the purpose of 
illustration (Figs. 5.14 to 5.28). A close study of these and such other plots (not shown 
here) revealed that in most part of the basin, the tangential, radial and vertical 
velocities do not have significant variation along the vertical direction in the inner 
region (0.042 < r/R,. < 0.60) of the vortex settling basin. However, in the outer region 
(0.60<r/Rj^ < 1.0), the variation in velocity components along vertical direction is 
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observed in most part of the basin. It is also noted that in major portion of the outer 
region of the basin, the velocity components are having minimum value near the bed 
and maximum in the upper part of the vertical distance. 
In order to understand more insight into the flow structure inside the vortex settling 
basin, the variation of velocity components in the radial direction for different 
horizontal flow levels, z along different radial sections were drawn. Some of these 
graphs are depicted here for the purpose of illustration (Figs. 5.29 to 5.40). It can be 
seen from these Figs, and many such other figures, (not presented here) that the 
vertical velocity is smaller than tangential and radial velocity under similar conditions. 
The negative direction of vertical velocity i.e. upward at some nodal points/regions is 
also observed from these and other such figures (not shown here) The upward vertical 
velocity is not only to affect suspended sediment, but also make them flow into either 
outlet channel or underflow orifice outlet. 
Finally the variation of Vg, V^ and V, with 0 for r/Rj- varying from 0 to 1.0 were 
plotted at different flow levels, z. These plots are shown in Figs. 5.41 to 5.49. It may 
be concluded from these plots and other such plots (not shown here) that the variation 
of radial velocity component V^ along angular or tangential direction is more 
pronounced in comparison to the tangential and vertical velocity components. There is 
no significant variation in tangential and vertical velocity components along angular 
direction in most of regions of the basin. 
Therefore for practical applications, the uniform values of these velocity components 
may be taken. 
Segments of vortex basin having similar velocity distribution were identified by visual 
inspection of various plots and these are shown in Figs.5.50 to 5.52. 
5.3 VARIATION OF SUSPENDED SEDIMENT CONCENTRATION 
WITHIN THE VORTEX SETTLING BASIN 
A finite difference scheme to solve the partial differential equation governing the 
variation of sediment concentration in the vortex settling basin is described in chapter-
Ill. This scheme is applied herein to obtain the concentration of suspended sediment 
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when boundary conditions and sediment diffusion coefficients! fu,V^- itoff;;"ttie 
values of velocity components in tangential, radial and vertical dirfiiMierts^ppeanngjn^ 
the sediment mass equation are known. The values of velocity compot 
three directions at various nodal points within the vortex basin as described in the 
chapter - 4 were measured using three-dimensional electromagnetic liquid velocity 
meter. Functional relationships for determination of diffusion coefficients viz Eqs. 
(3.19) to (3.21) were empirically derived in chapter - 3. A trial and error procedure is 
used to ascertain the values of these coefficients appearing in these equations. 
Through the method of trial such values of the coefficients were adopted, which 
produced best match between the computed and observed variation of concentration 
of suspended sediment wdthin the vortex basin. 
The following relations were thus obtained for the diffusion coefficients. 
(5.1) 
(5.2) 
(5.3) 
Values of other parameters used for this purpose wereA^ = ;r/4, A/? = 0.20, 
AZ =0.33 and a =0.55. 
It is to be mentioned that values of AO, AR and AZ smaller than those listed above 
did not produce different results; hence the above mentioned values were adopted for 
use in further computations. It is to be further mentioned that the velocity components 
in tangential, radial and vertical directions at various nodal points, sediment 
concentration in the flow in the mlet channel, dimensions of inlet and outlet channels, 
vortex settling basin and inlet and outlet flow rates are the inputs to the numerical 
scheme for the computation of the sediment concentration. 
The concentration of suspended sediment within the vortex settling basin at a number 
of nodal points as shown in Fig. 4.11 was computed as described in chapter - 4. The 
property of mass conservation of the numerical scheme used herein was verified by 
comparing the quantity of sediment inflows to the basin with the sum of computed 
sediment storage within the vortex basin and computed sediment outflows from the 
basin over a given period of time. 
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Figures 5.53 to 5.60 illustrate the variation of non-dimensional sediment 
concentrations cJC, & cjC, with non-dimensional depth parameter zjRj . A close 
study of these plots revealed that the sediment concentration is indeed found to 
increase with the flow depth measured downward from water surface. Similar trends 
are obtained for both computed and observed sediment concentration. 
Non-dimensional computed sediment concentration c^ /C, for different z -values was 
plotted along each basin diameter marked in Fig. 5.1. These plots are depicted here for 
the purpose of illustration (Figs. 5.61 to 5.64). A close study of these plots revealed 
that there is significant variation in sediment concentration along the vertical as well 
as along radial direction. The maximum value of sediment concentration was obtained 
at the periphery and minimum at the orifice outlet. Figure 5.65 shows the variation of 
computed and observed sediment concentration. A satisfactory agreement between 
observed and computed values of suspended sediment concentration was observed. 
Finally the value of 7„ of the vortex settling basin was computed. For this, the volume 
sediment inflow over a given time period was known and outlet volume of sediment 
through the outlet channel and outlet orifice over the same time period was computed 
using the present numerical scheme. Sediment volume stored within the vortex basin 
was also known from the computation of the numerical scheme. The value of 7„ was 
computed using Eq. (2.26). Table 5.1 presents a comparison between the computed 
value of Tjg and their corresponding observed values. 
Table 5.1 Computation of Sediment Removal Efficiency using the Variation of 
Suspended Sediment Concentration within the Vortex Basin 
J50 =0.0581mfn, g, =0.012 m^/s, QjQ, = 10percent,A^ = 0.1930, 
D,ld, =12.07, D, /5 = 4.87 
Sediment inflow 
to the Vortex 
Basin 
(N) 
60 
Computed 
sediment 
outflow to the 
outflow oriflce 
(N) 
47.2 
Computed 
sediment outflow 
to the overflow 
outlet channel 
(N) 
12.8 
7o (computed) 
Per cent 
21.30 
7o (observed) 
Per cent 
24.1 
A very good agreement between the two may be noted. Removal efficiency of the 
vortex settling basin was high for coarse sediment that moved as a bed load. 
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5.4 SEDIMENT REMOVAL EFFICIENCY OF THE VORTEX 
SETTLING BASIN 
Main advantage of the vortex settling basin is said to be that they have high values of 
7o, for less flushing discharge and smaller dimensions as compared to the 
conventional settling basins. On the basis of dimensional analysis it is found that the 
diameter ratio and width ratio are also the important parameters on which removal 
efficiency of the vortex settling basin depends. Hence a detailed study was carried out 
on these aspects. These are discussed below. 
5.4.1 Effect of Diameter Ratio D^/d^ on Sediment Removal 
Efficiency of the Vortex Settling Basin 
Experiments were conducted on the vortex settling basin under steady flow conditions 
to study the effect of diameter ratio on its sediment removal efficiency. For this 
purpose data have been collected on seven diameter ratios, varying from 9.91 to 
38.76 and the range of water abstraction ratio was fixed from 5% to 20%. Graphs 
were plotted for efficiency of removal with other parameters as shovm in Figs 5.66 to 
5.70. A close study of these plots revealed that removal efficiency of the vortex 
settling basin has significant variation with diameter ratio. In Fig. 5.66, the efficiency, 
Tfg of the vortex settling basin is plotted against diameter ratio D, /d^ for sediments 
having mean diameter as 0.355mm and 0.825mm and water abstraction ratio, Q^/Qi 
as 10% and 15%. From these plots it can be concluded that efficiency of removal 
increases with increase in diameter ratio for both the sediment sizes and water 
abstraction ratios. 
In Fig. 5.67 the same plots are drawn for different water abstraction ratios with 
sediment having mean size as 0.355mm. In this figure the effects of both parameters 
i.e. diameter ratio as well as water abstraction ratio is clearly shown. It was noted that 
lower values of efficiency of removal were observed at 5% water abstraction ratio and 
highest values were observed at 10%. With further increase in water abstraction ratio, 
efficiency of vortex basin decreases. From Fig.5.68, it is observed that coarser 
sediments have higher removal rates than that of finer sediments. Figure 5.69 
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illustrates the variation of sediment removal efficiency of vortex settling basin with 
diameter ratio for sediments with mean size as o.355mm and 0.825mm and water 
abstraction ratio varying from 5% to 20%. This and many such other figures (not 
shown here) revealed that efficiency of removal increases with diameter ratio, 
attaining a maximum value in between 10 to 15.The lower values of v ,^ v^  and v, can 
probably explain this effect. At higher values of D^ jd^, the vortex strength is small 
and hence the velocities. At lower values of diameter ratio Dj jd^, the large air core 
may develop at the centre of the basin and there are chances of short-circuiting. Hence 
there should be an optimum value (in between 10 to 15) of the diameter ratio, D-, /d^ 
for maximum sediment removal efficiency. 
To get more insight in to this effect the test results from other investigators were also 
incorporated as shown in Fig. 5.70. It can be seen from this plot that almost all the 
data show similar trend as obtained in previous figures such as Fig. 5.66 to Fig. 5.69. 
It may be concluded that for design purpose the value of Dj /d^ may be taken from 
25 to 40. 
5.4.2 Effect of Width Ratio Dy/B on Sediment Removal Efficiency of 
the Vortex Settling Basin 
In order to get clear idea about the size of the vortex settling basin with respect to the 
v^ adth of the inlet channel, the experiments were performed in a physical model of the 
vortex settling basin The efficiency of removal of vortex settling basin was measured 
for a wide range of width ratio, D-, /B by varying width of the inlet channel from 
0.06m to 0.31m. The water abstraction ratio Qu/Qi was ranging from 10% to 15%. 
This value of Q^/Qj is selected because efficiency of removal initially increases with 
increase in Q^/Qi up to water abstraction ratio equal to 10% and there after it 
decreases with fiirther increase in Qu/Qi (Athar et al. 2000, 2002). The inlet discharge 
varied from 0.008m /^s to 0.012m /^s. 
The efficiency of removal of vortex settling basin for different sizes of the sediment 
was plotted against width ratio. Few of these plots are depicted here for the purpose of 
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illustration (see Figs. 5.71 to 5.75). A close inspection of these and other such plots 
(not shown here) show that removal efficiency of vortex settling basin have significant 
variation with width ratio. 
In Figs. 5.71 and 5.72 the efficiency of vortex basin is plotted against wddth ratio, 
DjjB for sediments having mean size 0.106mm and 0.355mm and water abstraction 
ratio 10% and 15%. From these plots it can be observed that efficiency of removal of 
vortex settling basin increases with increase in width ratio, attaining a maximum value 
at D^ jB equal to 7 to 8, and there after there is a decreasing trend. 
For Dj./B> 7.5 it can be expected that the inflow conditions become less important 
i.e. the rotational forces become less important and the device starts acting as a 
settling basin. 
For Dj /B < 7.5, the device acts as a vortex settling basin, the rotational forces play 
their role in the separation of the settable solids. Similar results can be inferred from 
Figs. 5.73 to 5.75. 
5.4.3 Verification of Relationships For TJQ 
All the available data from laboratory and field have been first used to verify the 
existing predictors, selected are those proposed by Curi et al. (1975), Mashauri 
(1986), Paul et al. (1991), Athar et al.(2000, 2002), and Athar et al.(2005). These 
equations are listed in Table 5.2. The comparison between the observed values of % 
and those computed using the above predictors is depicted in Table 5.2. A close study 
of these figures reveals that no relationships are available which directly contains 
Dj^/d^ and Dj./B as most effective parameters along with other parameters to 
predict the value of TJ^ satisfactory for all data used in present study. Since these two 
parameters also affect the sediment removal efficiency of the basin, hence it was 
emphasized to include these non-dimensional variables to develop a new relationship 
for sediment removal efficiency. 
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5.5 PROPOSED MODELS FOR SEDIMENT REMOVAL 
EFFICIENCY OF THE VORTEX SETTLING BASIN 
As indicated above the numerical scheme for computation of variation of suspended 
sediment concentration in the vortex settling basin also produces the estimate of its 
sediment removal efficiency. 
In addition to the above, separate analysis is also performed in order to derive two 
different models for computation of the sediment removal efficiency rj^ of vortex 
settling basin using statistical regression analysis and Artificial Neural Network 
(ANN) approaches respectively. 
5.5.1 Statistical Regression Model 
Statistical analysis is performed herein for obtaining a general relationship for %. 
Functional relationship was derived for rj^ in Chapter-Ill and the same is given 
below: 
Vo = f 
A / 
v ^ y 
Dr]( Dr^ 
B \ ^u J 
^ 0 ^ 5 0 ^ 
The influence on T]^ of the individual parameters on right hand side of Eq. (3.25) was 
studied through graphical plotting. Figures 5.76 to 5.79 show the variation of 7^  with 
<y„f/5eIv for relatively constant values of [Q^IQ^),[z^/hp),(A M,) and (D, /5) . It 
was found from these figures that Q^QC {co^d^^lvf ' for the vortex settling basin of all 
geometric configurations. The parameter rj^/{cD„ci^Q/y) " was next plotted against 
Qu/Qi for relatively constant values of {z^/hp),{Dj /d^) and {D^ /B) as shown in 
Figs. 5.80 to 5.83. These figures revealed that r]j{Q}„d,Jvf^'az [QjQf for the 
vortex settling basins of all geometric configurations. Hence 
^o/{{'^o^so/^T^{Qu/Q,Ti^^ plotted against (Zf,/hp) for relatively constant 
values of {Dj./dJ and {DJ/B). These plots are shown in Figs. 5.84 to 5.86. Also it 
was obvious from these figures that [TJOI {{oi„d,Jvf'\QjQy'' }Joc (z./A^'^for 
the extractor of all types of geometric configurations. The variable 
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ri,j{(^od,JvT\QjQ,r[z,l\Y'] was further plotted against {D,ld,) for 
relatively constant values of {D, IB) as shown in Figs. 5.87 to 5.88. It was observed 
from these figures that ; 7 o / { k ^ 5 o ^ ) ° " ( a / a ) ° " f e / ^ ) " " } ^ ( A / ^ J " " - The 
variable 7 . / { k ^ 5 o / > ^ r " f e - / a ) " " f e / ^ ^ " ( A / ^ J ° " ) was finally plotted 
against {DJJB) in Fig. 5.89. Very good correlation as indicated by these variables 
may be noted. Following relation is finally obtained for rj^ using all the available 
laboratory and field data. 
IfiJ 
" ' T T Y'V ^ ^°"/'n ^'"Vn '^"° 
o ) 
DA (Dr 
B 
(5.4) 
Values of TJ^ computed by Eq. (5.4) are plotted in Fig.5.90 against their 
corresponding observed values. It can be seen from this figure that Eq. (5.4) computes 
TJo values with a maximum of ± 40 per cent error for almost all the data. This 
accuracy is considered as satisfactory due to the reason that both laboratory and field 
data of the extractors having varying geometric configurations are used herein. Also 
accuracy of Eq. (5.4) is much better than those of the existing relationships for rj^ (see 
Table 5.2). However, Eq. (5.4) should only be used for the range of data presented in 
Tables 4.1 to 4.4. 
5.5.2 Artificial Neural Network Model 
5.5.2.1 Numerical Results 
As dictated by the use of Gaussian function all patterns were normalized within range 
of 0.0 to 1.0 before their use. Similarly all weights and bias values were initialized to 
random numbers. While the numbers of input and output nodes are fixed, the hidden 
nodes were subjected to trials and the one producing the most accurate results (in 
terms of the Correlation Coefficient) was selected. Figs. 5.91 to 5.96 show the change 
in error as a function of the number of hidden nodes for models Ml and M2. The 
training of neural network models was stopped after reaching the minimum mean 
square error of 0.0001 between the network yield and true output over all the training 
patterns. For the RBF network various values of spread between 0 and 1 were tried 
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out and one of 0.01 resulting in the best performance on both training and testing data 
was selected. 
The information on number of nodes required to achieve minimum error taken in the 
case of each training scheme used (i.e. FFBP, CFBP and RBF) is shown in Table 5.3 
for Model - Ml and M2, respectively as described in Chapter- III. As a matter of 
general information, which is not of real significance in this study, it can be seen that 
the cascade correlation algorithm, designed for efficient training, trained the network 
with fewer epochs than the FFBP network, but the RBF network was trained in a 
significantly less number of epochs, indicating its training efficiency. 
Table 5.3 Network Architecture 
Model 
Model-Ml 
Model - M2 
Algorithm 
FFBP 
CFBP 
RBF 
FFBP 
CFBP 
RBF 
Network Configuration 
/ 
9 
9 
9 
5 
5 
5 
H 
17 
23 
120 
12 
10 
105 
O 
Learning 
Rate 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
Momentum 
Function 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7 
Note: I, H, O indicate number of input, hidden and output nodes respectively: 
FFBP = Feed Forward Back Propagation: CFBP = Cascade Forward Back 
Propagation: and RBF = Radial Basis Function. 
The network architecture of the two models as given by Eqs. (3.24 and 3.25), are 
shown in Figs. 5.97 and 5.98 respectively for Back Propagation/Cascade correlation 
scheme. 
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The error estimation parameters {R^,MAPE,RMSE and ADD) on the basis of 
which the performance of a model is assessed are given in Tables 5.4 for the network 
details shown in Table 5.3. 
Table 5.4 Comparison Between Different (FFBP, CFBP and RBF) Training 
Schemes 
Model 
Model-Ml 
Model - M2 
Algorithm 
FFBP 
CFBP 
RBF 
FFBP 
CFBP 
RBF 
R' 
0.9339 
0.9377 
0.9211 
0.8737 
0.8764 
0.8574 
MAPE 
11.95 
11.56 
12.06 
14.99 
15.09 
16.98 
RMSE 
0.08499 
0.07798 
0.08649 
0.11130 
0.11007 
0.11457 
ADD 
10.284 
12.053 
10.857 
13.043 
13.181 
14.483 
The training and validation of the two models is shown in Figs. 5.99 and 5.100. The 
trained values of connecting weights and bias for the two models are given in 
Tables 5.5 and 5.6 obtained from CFBP training scheme. The histograms of error in 
the prediction of efficiency of removal of vortex settling basin for the two models are 
plotted in Figs 5.101 and 5.102. The predicted values of removal efficiency have been 
plotted against its observed values in Figs. 5.103 to 5.108 for the two models obtained 
from each training schemes. Though the results of non-normalized data are not 
presented, but it has been observed that the normalization considerably improved the 
training of the model. 
The examination of Table 5.4 and Figs. 5.103 to 5.108 show that when it comes to 
overall accuracy of predicting the efficiency of removal of vortex settling basin, all 
error criteria viewed together point out that the simple cascade forward back 
propagation algorithm is either as good as or even slightly better than more 
sophisticated networks. 
It also shows that the use of ungrouped variables as input (Model - 1) may be more 
beneficial than that of the grouped variables (Model - 2), provided an appropriate 
86 
training scheme is chosen. The comparison between these two trends i.e. (grouped and 
ungrouped) of evaluating removal efficiency revealed that the use of constitutive raw 
parameters, in place of their groups, yields better results because of the increased 
flexibility in fitting is achieved in that way. 
The most suitable network, CFBP Model - 1 has the highest R^= 0.9377 and lowest 
MAPE= 11.56 and RMSE= 07798. All the ANN models featured small MAPE and 
RMSE during training; however, the value was slightly higher during validation. The 
models showed consistently good correlation throughout the testing. 
In the end therefore the network configuration (CFBP Model - 1) along with 
corresponding weight and bias matrix given in Table 5.5 is recommended for general 
use in order to predict the removal efficiency of the vortex settling basin. 
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Table 5.6 Connection Weights and Biases (Refer to Fig. 5.98) 
(Output Bias = -6.8167) 
No of 
Neurons 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Input Weights 
a 
-4.6517 
0.0138 
0.0321 
0.1809 
5.3027 
0.2650 
0.0654 
-0.7663 
0.1067 
-0.4913 
b 
-3.7799 
-0.0637 
1.9181 
-1.7189 
-0.6708 
1.4446 
2.8863 
5.4366 
-8.5626 
4.0845 
c 
-2.1493 
-0.1019 
2.9260 
2.7164 
-2.4580 
-2.6521 
-9.2928 
-6.0636 
-2.6696 
-0.0768 
d 
-4.0179 
0.1951 
0.5138 
0.5444 
-8.9853 
-0.2726 
0.4983 
2.3013 
-0.6650 
0.4145 
e 
1.2469 
29.9670 
-0.0429 
-5.4325 
4.2270 
6.0375 
0.7184 
2.1759 
-0.0510 
1.5929 
Output 
Weight 
0.5836 
9.0999 
-1.3887 
-3.5364 
-0.1835 
1.5445 
-2.0094 
1.3398 
-0.9336 
0.6950 
Input 
Biases 
8.1604 
7.5404 
2.1304 
0.2907 
-5.1081 
1.9139 
5.2761 
-2.5822 
-10.4850 
-0.3688 
5.5.2.2 Sensitivity Analysis 
Sensitivity tests were conducted to ascertain the relative significance of each of the 
independent parameters (input neurons) on the efficiency of removal (output) in both 
of the models given by Eqs. (3.24) and (3.25). In the sensitivity analysis, each input 
neuron was in turn eliminated from the model and its influence on prediction of 
removal efficiency of vortex settling basin was evaluated in terms of 
R^,MAPE,RMSE and ADD criteria. The network architecture of the problem 
considered in the present sensitivity analysis consists of one hidden layer with twenty 
three neurons and the value of epochs has been taken as 1000 for Model - 1 and 
Model - 2, consists of one hidden layer with ten neurons and the value of epochs as 
1000. 
Comparison of different neural network models, with one of the independent 
parameters removed in each case is presented in Table 5.7. The results in Table 5.7 
show that for Model - Ml, the underflow discharge,g„ is the most significant 
parameter for the prediction of removal efficiency of the vortex settling basin. The 
89 
variables in order of decreasing level of sensitivity for Model - Ml are: Q^, B, h^, 
Dj, d„, Q,, ^50, Z^  and (o„. It is thus seen that the last three parameters have least 
significant effect when taken independently. 
Similarly, Table 5.8 gives the results of sensitivity analysis for Model - 2. It is 
apparent that, co^d^^/v and iz^/hp] have the most and least effect on removal 
efficiency of the vortex settling basin % respectively. The dimensionless variables in 
the order of decreasing level of sensitivity for Model - M2 axe:co^d^Q/y, {D^ /d^), 
[Qu/Qi], {DflB), [z;,/A ).These findings are consistent with existing 
understanding of the relative importance of the various parameters on removal 
efficiency of vortex basin. The study of sensitivity of Model - M1 and M2 presented 
above, give the impression that Z^  has only marginal influence on the resulting 
removal efficiency of the vortex basin compared to other flow and geometric 
parameters. However considering the limitations and uncertainties in the data a full-
fledged network involving all input variables would be desirable. 
In view of the variability in the outcome resulting fi-om application of different 
analytical schemes, it is felt that the network, which requires all input quantities, may 
be followed for generality. 
Table 5.7 Sensitivity Analysis for Model - Ml with Cascade-Forward Back 
Propagation 
Input variables 
All (Eq.3.24) 
NO Dj 
NO B 
NOc/. 
NO a 
NO a 
N O Z , 
^o\ 
NO a}„ 
NOc/50 
R' 
0.96195 
0.94597 
0.93645 
0.94548 
0.95246 
0.93194 
0.95249 
0.93622 
0.96265 
0.95621 
MAPE 
8.9769 
11.189 
11.758 
10.558 
10.279 
12.767 
9.5919 
11.252 
8.9972 
9.6075 
RMSE 
0.063442 
0.075308 
0.081523 
0.075864 
0.070836 
0.084896 
0.070925 
0.082135 
0.063075 
0.068179 
AAD 
7.599 
9.5306 
10.019 
9.066 
8.3745 
10.385 
8.2285 
9.2476 
7.4258 
8.1955 
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R^  = Coefficient of determination of the linear regression line between the predicted 
values from neural network model and the desired output. MAPE = Mean Absolute 
Percentage Error. RMSE = Root Mean Square Error. AAD = Average Absolute 
Deviation. 
Table 5.8 Sensitivity Analysis for Model - M2 with Cascade-Forward Back 
Propagation 
Input variables 
All (Eq.3.25) 
No (a/a) 
H^>./hp) 
No(Dr/B) 
No(D,K) 
^oo}„d^Jy 
R' 
0.92981 
0.83105 
0.86362 
0.86346 
0.79136 
0.73011 
MAPE 
11.487 
20.44 
17.325 
17.657 
21.537 
25.201 
RMSE 
0.08559 
0.13138 
0.11707 
0.11724 
0.14207 
0.15882 
AAD 
9.9514 
16.771 
14.263 
14.492 
18.102 
20.168 
5.6 CONCLUDING REMARKS 
Experimental data on distribution of tangential, radial and vertical velocity 
components in vortex settling basin are analyzed herein. Segments of vortex settling 
basin having similar velocity distribution are identified by visual inspection. Variation 
of suspended sediment concentration in the vortex settling basin is computed through 
numerical model (by considering the flow in the entire basin to be three-dimensional), 
which is based on finite difference method as described in chapter-Ill for solution of 
the governing equation. The measiired values of velocity components in tangential, 
radial and vertical directions along with the empirical expressions for computation of 
diffusion coefficients developed on the basis of measured values of velocity 
components are used in the numerical model. Distribution of sediment concentration 
within the vortex settling basin computed by numerical model is found to be in 
agreement with the observations. 
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The existing relationships for sediment removil efficiency of vortex settling basin are 
validated using the laboratory and field data collected from the literature and data 
collected in the present study. These relationships were found not to produce 
satisfactory results. Effect of the flow and basin parameters namely 
QulQi^'^hl^p^^rMu 3nd DjjB on sediment removal efficiency is studied in 
detail. The optimum value of diameter ratio was obtained in between 10 to 15 and that 
of width ratio in between 7 to 8. The available data were re-analyzed based on the 
above and a general relationship is proposed for the sediment removal efficiency. 
A generalized model for predicting the removal efficiency of the vortex settling basin 
using neural network has also been developed. The network predictions were 
generally more satisfactory than those given traditional regression equations because 
of low errors and high correlation coefficients. Predictions based on original raw data 
iQfQu^^h^^p^^T^^^^u'd^,(o^,v,g) were better than those based on grouped 
dimensionless forms of the data {(QjQ,),[z,lhX{DrlB)XD^Id^),{co^d,Jv)). The 
neural network with one hidden layer was selected as the optimum network to predict 
the efficiency of removal of vortex basin. The network configuration of Model-Ml 
with CFBP is recommended for general use in order to predict the removal efficiency 
of the vortex settling basin. 
On the basis of the sensitivity analysis, it is observed that (Q^/Q,) is the most 
significant parameter after{(Ogd^Q/v). The sensitivity analysis of the Model-Ml and 
Model-M2, give the impression that Z^ has only marginal influence on the resulting 
removal efficiency of the vortex basin compared to other parameters. However 
considering the limitations and uncertainties in the data, a full fledged network 
involving all input variables would be desirable. 
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Chapter - 6 
CONCLUSIONS 
6.1 GENERAL 
The main objective of the present investigation was to study the variation in 
efficiency of sediment removal with the flow and basin related parameters namely 
Q^lQ^,Zf,lhp ,D-,ld^ and D,./5 of the vortex settling basin. The process of 
removal of sediment from flow by the vortex basin is greatly affected by the velocity 
distribution and sediment concentration distribution in the vortex settling basin. 
Therefore, these aspects were also studied in great detail during the present 
investigation. A general relationship for determination of sediment removal efficiency 
of the vortex settling basin is developed in this thesis. A generalized model for 
predicting the removal efficiency of the vortex settling basin using neural network has 
also been developed. 
The experiments were conducted on geometrical model of the vortex settling basin as 
shown in Fig.4.1, to collect detailed data regarding the following: 
(i) Variation of velocities in the tangential, radial and vertical directions within 
the vortex basin by using three dimensional electromagnetic liquid velocity 
meter. 
(ii) Variation of sediment concentration within the vortex settling basin. 
(iii) Variation of efficiency of sediment removal by the vortex settling basin with 
diameter ratio, Dj jd^. 
(iv) Variation of efficiency of sediment removal by the vortex settling basin with 
wddth ratio, Dj /B. 
(v) Variation of efficiency of sediment removal by the vortex settling basin under 
different flow conditions. 
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In addition, the available data from literature on the above aspects were also collected 
and used in the analysis. The following general conclusions are drawn from 
this study: 
(i) Vortex settling basin is suitable alternative to conventional extractors due to 
its smaller dimensions, higher sediment removal efficiency and smaller water 
abstraction ratio. 
(ii) Flow pattern within the vortex settling basin resembles to some extent with the 
Rankine-vortex system. 
(iii) The relationship for sediment removal efficiency of the vortex settling basin 
follows logically from the relationships for distribution of velocity 
components and the sediment continuity equation. 
The specific conclusions arrived at are svmimarized below: 
6.2 VELOCITY DISTRIBUTIONS 
Experimental investigations were made on velocity distributions within the vortex 
settling basin on the geometrical model of the vortex settling basin shown in Fig. 4.1. 
The following conclusions are made on these. 
(i) The flow in the vortex settling basin is typical three-dimensional flow which 
consists of tangential, radial and vertical velocity components. The velocities 
in the three directions have different functions in the vortex basin. Tangential 
velocity maintains the vortex strength of the vortex settling basin; vertical 
velocity is useful for the sediment sinking and radial velocity transports 
sediment towards the orifice outlet. 
(ii) Vertical velocity is smaller than tangential and radial velocity under similar 
conditions. 
(iii) In the most part of the vortex settling basin, the tangential, radial and vertical 
velocities do not have significant variation along the vertical direction in the 
inner region (0.042 < r//?,. < 0.2) of the basin. However, in the outer region 
(0.6 < rlR-j. < 1.0), the variation in velocity components along vertical 
direction is observed in most part of the basin. It is also noted that in major 
portion of the outer region of the basin, the velocity components are having 
minimum value near the bed and maximum in the upper part of the vertical 
distance. 
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(vi) Flow patterns are found to be different in the different segments of the vortex 
settling basin. Segments of vortex basin having flow pattern similar to that of 
Rankine vortex extend only up to the 3/5"" diameter lengths of the vortex 
basin. 
(v) Segments of vortex settling basin having similar velocity disttibution are 
identified by visual inspection of various plots. 
(vi) The vertical component of velocity is found to be significant near the centre 
and less pronounced for remaining part of the vortex basin. 
6.3 DISTRIBUTION OF SEDIMENT CONCENTRATION 
(i) The governing equation for variation of sediment mass concentration viz. 
Eq. (1.1) is solved numerically by using an unconditionally stable second 
order Crank-Nicholson type of implicit finite difference scheme. Values of 
tangential, radial and vertical components of velocity to be used in numerical 
solution of Eq. (1.1) are measured by three-dimensional electromagnetic liquid 
velocity meter. 
(ii) The equivalent finite difference form of Eq. (1.1) is solved with the Gauss-
Elimination method by making use of the appropriate boundary conditions. 
The descretization parameters used in numerical scheme for solution of 
Eq. (1.1) are A0 = ;r/4, AR = 0.20, A2 = 0.33 and a = 0.55. A satisfactory 
agreement is found to exist between thus computed and observed values of 
sediment concentration. Empirically derived relations given as Eq. (5.1) to 
(5.3) are used for the computation of sediment diffusion coefficients appearing 
inEq.(l.l). 
(iii) Within the vortex settling basin there is significant variation in sediment 
concentration along the vertical as well as along radial direction. Sediment 
concentration is indeed found to increase with the flow depth measured 
downward from water surface. The maximum value of sediment concentration 
was obtained at the periphery and minimum at the orifice outlet. 
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6.4 SEDIMENT REMOVAL EFFICIENCY 
(i) Efficiency of removal of the vortex settling basin has significant variation with 
diameter ratio. Efficiency of removal increases with diameter ratio, attaining a 
maximum value in between 10 to 15. The lower values of v^,Vg and v, can 
probably explain this effect. At higher values of D-j-jd^, the vortex strength is 
small and hence the velocities. At lower values of diameter ratio D^ jd^, the 
large air core may develop at the centre of the basin and there are chances of 
short-circuiting. Hence there should be an optimum value (in between 10 to 
15) ofthe diameter ratio, Dj-/d^ for maximum sediment removal efficiency. 
(ii) Efficiency of removal of vortex settling basin increases with increase in width 
ratio, attaining a maximum value at Dj /B equal to 7 to 8, and there after 
there is a decreasing trend. For D^ /B > 7.5 it can be expected that the inflow 
conditions become less important i.e. the rotational forces become less 
important and the device starts acting as a settling basin. For Dj^/B < 7.5, the 
device acts as a vortex settling basin, the rotational forces play their role in the 
separation ofthe settable solids. 
(iii) Predictors for sediment removal efficiency of the vortex settling basin by 
Curi et al. (1975), Mashauri (1986), Paul et al. (1991), Athar et al.(2000, 
2002), and Athar et al.(2005) have been checked for their accuracy using a 
wide range of data collected in present study. Results of predictors thus 
obtained are summarized in Table 5.2. It is noticed that none of these 
predictors give reasonable estimate of the sediment removal efficiency. 
Therefore, the available data have been re-analyzed for the purpose of 
developing a predictor for the sediment removal efficiency. 
(iv) The existing predictors could estimate the sediment removal efficiency with an 
accuracy of more than ± 40 per cent for less than 90 per cent ofthe total data. 
The proposed equation is found to produce results with a maximum error of ± 
40 per cent for about 100 per cent ofthe total data. 
96 
(v) A generalized model for predicting the removal eificiency of the vortex 
settling basin using neural network has also been developed. The network 
predictions were generally more satisfactory than those given by traditional 
regression equations because of low errors and high correlation coefficients. 
Predictions based on original raw data {Q,, Q^, Z^, h^, D^, B, d^, d^^, co„, 
^, g) were better than those based on grouped dimensionless forms of the 
data {(QjQX(z,/h^),{D,/B), {DrK),(6)JJv)). The neural network 
with one hidden layer was selected as the optimum network to predict the 
efficiency of removal of vortex basin. The network configuration with original 
raw data and CFBP is recommended for general use in order to predict the 
removal efficiency of the vortex isettling basin. 
On the basis of the sensitivity analysis, it is observed that (Q^/Q,) is the most 
significant parameter after (ty^ /^jo/v). The sensitivity analysis gives the 
impression that Z^ has only marginal influence on the resulting removal 
efficiency of the vortex basin. But in view of the variability in the outcome 
resulting from application of different analytical schemes, it is felt that the 
network, which requires all input quantities, may be followed for generality. 
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